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Chapter 1 General Introduction 
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1.1 Rechargeable Lithium-Sulfur Battery  
The energy crisis due to the quick consumption of fossil fuels and the 
environmental issues causing by the burning of fuels are the two main crises in today’s 
world 1, 2. Wind, solar, geothermal and other renewable sources can produce a 
sustainable amount of energy. As a result, the energy storage device for the storage of 
the renewable energy is the key issue for the widespread application of the renewable 
energy 3-5. Fig. 1.1 illustrates the typical gravimetric and volumetric energy density of 
different rechargeable batteries. The secondary rechargeable batteries have been 
developed from lead acid battery, which shows very low gravimetric energy density 
around 50 Wh kg-1 to nickel–cadmium battery (NiCd). In 1989 nickel-metal hydrogen 
batteries (NiMH) were developed and had a longer life than NiCd batteries. However, 
the gravimetric energy density of the NiCd and NiMH batteries are still lower than 100 
Wh kg-1, which is still far from the requirements in the state-of-art electronic devices 6. 
Li-ion battery with a rather high energy density and high diversity of battery systems is 
the most common used attainable energy storage systems for electronic devices. Li-
ion battery shows advantages in high energy density, low self-discharge and small 
memory effect, which contribute to its wide application in home electronics and 
portable electronics 5, 7. The concept of Li-ion battery in which the Li could migrate 
through the battery from one electrode to the other as a Li+ ion is firstly raised in 1980s. 
Subsequently, commercialized Li-ion battery was assembled by pairing LiCoO2 with 
graphite anode in 1990s. The LiCoO2-graphite battery material is still dominate the Li-
ion battery market in nowadays. However, it cannot match the increasing demand for 
the development of a new generation of secondary battery with high capacity and long 
cycle life to meet the application in portable electronics, electronic vehicles and 
consumer devices 4, 8.  
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Fig. 1.1 Development of various energy storage devices in function of gravimetric 
energy density and volumetric density. 
 
As shown in Fig. 1.2, there are various types of Li-ion battery nowadays 6, 8-10, 
typically, the LiMnO2/ LiCoO2-graphite system shows a theoretical energy density 
around 420 Wh kg-1 and a practical energy density around 90 Wh g-1 . By paring with 
the novel Si anode with much higher theoretical energy density then graphite anode, 
the LiMnO2-Si Li-ion battery can reach 740 Wh kg-1 theoretical energy density, while 
the practical energy density can only achieve 200 Wh kg-1 due to existing issues in Si 
anode. Though the Li-polymer type battery can reach around 884 Wh kg-1 theoretical 
energy density due to the extremely high energy density of metallic Li anode, the 
practical energy remains quite low. The low energy density indicates that the state-of-
art Li-ion batteries are still too ‘heavy’ with respect to their large-scale application in 
electronic vehicles 11. It can be concluded that the main limiting factor of the energy 
density should be in the cathode side.  
S cathode, which has very high theoretical capacity of 1672 mAh g-1, low cost 
and environmentally friendly is one of the potential cathode candidates for making high 
capacity Li-ion battery 12-14. The general electrochemical reactions occurring in the 
electrodes of lithium-sulfur (Li-S) battery can be written as follows 15: 
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Positive electrode (cathode): 
        S8 + 16Li+ + 16e- ↔ 8Li2S                             Equation 1.1 
(forward direction: reduction reaction, backward direction: oxidation reaction) 
Negative electrode (anode) 
16Li ↔16e- +16 Li+                                                   Equation 1.2 
(forward direction: oxidation reaction, backward direction: reduction reaction) 
Overall reaction: 
       S8 + 16 Li ↔ 8 Li2S                                  Equation 1.3 
From the electrochemical view, the forward direction is defined as the discharge 
process, while the backward direction is the charge process. Different like the 
traditional Li-ion batteries, the Li-S battery should start with the discharge process.  
 
 
Fig. 1.2 Theoretical and practical specific energy density of various Li-ion batteries. 
 
Though the theoretical energy density of the Li-S battery is as high as 2500 Wh 
kg-1, which is three times folder than that of the highest theoretical energy density 
among the transition metal based Li-ion batteries, the practical energy density of the 
Li-S is still far from satisfaction. Thereby, it is essential to clarify the challenges in the 
Li-S battery 16. 
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1.2 Challenges of Li-S battery  
Although sulfur-based electrochemical cells were already reported in 1962 12, 
several major issues in Li-S battery have hampered the application of the Li-S battery 
for decades. For example, the drawbacks of the both electronic and ionic insulating 
nature of the S based material, the notorious polysulfide dissolution issues and the 
serious safety issues accompanying the use of metallic Li as anode. There are many 
different approaches raised to overcome these problems, however, these problems still 
not be solved thoroughly.  
1.2.1 Dissolution of polysulfide 
The overall electrochemical reaction in the Li-S battery is S8 + 16 Li ↔ 8 Li2S. 
Nevertheless, the detailed discharge process is composed of roughly four stages 
generally in a dioxolane (DOL)/ Dimethoxyethane (DME) based electrolyte 15, 17. The 
electrochemical reaction process in each stage can be written as follows. In Equation 
1.4, when the voltage is higher than 2.3 V, the solid-state S will be reduced to the high-
order Li2S8 first. At the same time, part of the reduced Li2S8 was further reduced into 
lower-ordered Li2S6. In stage 2, when the voltage goes down to lower than 2.3 V and 
higher than 2.1 V, the Li2S6 will be reduced into Li2S4. Then the Li2S4 will be reduced 
to the solid-state Li2S2 in stage 3. Finally, when the voltage approaching 1.9 V, the Li2S2 
will be reacted into Li2S as the final reduction product 18.  
 
S8 + 2 Li+ + 2 e- ↔ Li2S8  > 2.3  stage 1                       Equation 1.4 
2 Li2S8 + 2Li+ + 2 e- ↔ 4 Li2S6  > 2.3 V  stage 1                 Equation 1.5 
2 Li2S6 + 2Li+ + 2 e- ↔ 3 Li2S4   from 2.3 V to 2.1 V   stage 2     Equation 1.6 
2 Li2S4 + 2 Li+ + 2 e- ↔ 2 Li2S2  from 1.9V to 2.1 V  stage 3       Equation 1.7 
2 Li2S2 +2 Li+ + 2 e- ↔ 2 Li2S  < 1.9 V    stage 4               Equation 1.8 
  
Among these reactions, except the original S and final product Li2S2, Li2S, all 
the polysulfide species are highly soluble in the organic solvents. It is studied and 
reported that in common organic solvents such as dimethyl sulfoxide or ethers like 
tetrahydrofuran, the concentration of dissolved polysulfides (as Li2Sn, n= 4~8) can 
exceed 10 M. 19-21 The extremely high ability for polysulfide dissolution in electrolyte 
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will lead to the continuous loss of S species from cathode into electrolyte. Thus, serious 
capacity fading will be observed 22. 
 
 
Fig. 1.3 The voltage profile and chemistry of sulfur cathode in the organic electrolyte. 
 
Fig. 1.3 shows the typical charge-discharge profile for a Li-S battery in the 
DOL/ DME electrolyte.  As mentioned above, the Li-S battery start from a discharge 
process, in which the step by step transformation from S8 to Li2S can be observed. 
There are roughly two discharge plateaus located at 2.3 V and 2.1 V can be observed, 
in which the plateau at 2.3 V mainly attributed by the transformation from Li2S8 to 
Li2S4. The long and rather stable discharge plateau at 2.1 V is assigned to the 
transformation from Li2S4 to the solid state Li2S2 and Li2S.  Due to the high solubility 
of polysulfides in the commonly used ether type electrolyte, the intermediate product, 
polysulfides will easily dissolve in the electrolyte, and even diffuse through the 
separator.  
As a result, the dissolution of polysulfide will not only cause dramatic loss of 
active materials, it will also cause the so-called ‘shuttle effect’. Namely, it is a process 
as the self-discharge process in Li-ion battery. The polysulfide will diffuse through the 
separator, and then diffuse to the metallic Li anode. The high order polysulfide anion 
Sn2- (n=6~8) tend react with the Li metal anode and be reduced into lower order 
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polysulfide Li2Sn2-(n=6~8).  These low order polysulfide anions will be able to diffuse 
back to the cathode surface. Then these polysulfide species will be re-oxidized into 
higher order polysulfide species. These lower order polysulfides may be diffuse 
backward to the metallic Li anode and be reduced to higher order polysulfides. Thus, 
these processes can go repletely. This process is called as ‘shuttle effect’, which will 
result in lower discharge capacity and low Coulombic efficiency. It is reported that the 
shuttle effect is triggered at around 2.4 V and will go through all the charge discharge 
procedure. As a result, suppressing the dissolution of polysulfides and confining the 
diffusion of polysulfides through the battery is a main goal for researchers to make 
better Li-S battery.  
 
 
Fig. 1.4 Strategies raised for alleviating the hazard from polysulfide dissolution. 
 
As illustrated in Fig. 1.4, many approaches have been built to solve this problem 
mainly focusing on the four parts. (1) Adding additives in electrolyte to passivate the 
Li anode, controlling the reaction between polysulfide and Li anode 23-26. (2) Designing 
structured cathode host (various structured carbon materials) to control the polysulfide 
diffusion physically 27-31. (3) Surface modification of the host or N dopped sulfur 
composites to strength the chemical connection with polysulfides 32-34. (4) Coating on 
cathode surface or on separator to suppress the dissolution of polysulfide physically or 
by chemical bonding 35-37. The most common approach is the melting-infusion method 
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by applying 155℃ to let the sulfur flow into the porous carbon materials 27, 38, which 
can also improve conductivity and provide expansion volume. 
1.2.2 Formation of Li dendrite 
Because of the lack of Li-ion in the S cathode, it is inevitably calls for the use 
of anode materials which contain Li-ion. Metallic Li, which has very high theoretical 
specific capacity (3861 mAh g-1), very low potential ( -3.04 V vs. the standard hydrogen 
electrode) and low density (0.59 g cm-3) is considered as the most promising anode for 
assembling the Li-S battery 39, 40. Nevertheless, there are many issues by using metallic 
Li as anode that hindered its further development. At first, the Li dendrite formed on 
the metallic Li anode should be taken into consideration 39-41.  
 
 
Fig. 1.5 (a) Schematic diagram of the safety issue originated from metallic Li anode. 
Cross section image of the cross-section of the Li-metal electrode after (b) 5 cycles and 
(c) 500 cycles in Li/LiFePO4 coin cells 42. Reprinted with permission from Ref. 42. 
Copyright © 2017, Rights Managed by Nature Publishing Group. 
 
In the secondary Li-ion battery, the metallic Li anode experiences Li-ion 
9 
 
stripping and depositing when a Li-S battery is discharged and charged.  During 
hundreds of charge discharge process, the Li-ion tends to form nuclei on the metallic 
Li anode surface and then successively grow via the vertical direction. As illustrated in 
Fig. 1.5 a, finally the Li dendrite will be formed due to the continuous growth the Li 
dendrite. The Li dendrite will penetrate through the thin separator and contact with the 
cathode part. As a result, the internal short will trigger serious safety issues accompany 
with the flammable electrolyte system in common Li-S battery 11, 43-45. The tendency of 
the growth of Li dendrite is unavoidable because of the following two reasons. On the 
one hand, Li is a metal with very low hardness which can form dislocations in the 
crystal planes and cracks induced by outer stress easily. Since it is impossible to make 
the pristine Li anode surface completely smooth in a micro-scale, the Li-ion will deposit 
on the protrusions on the Li anode as well as on the grooves. Even though the surface 
of Li metal is completely smooth without any protrusions, the uneven deposition will 
inevitably occur on the metallic Li anode and will continuously grow into Li dendrites 
during cycling 46. On the other hand, Li-ion shows a slow diffusion rate which facilitate 
the growth of Li dendrite 46. Fig. 1.5 b and Fig. 1.5 c shows the cross-section FESEM 
image of the metallic Li anode after 5 cycles and 500 cycles in Li/LiFePO4 coin cells 
46. It can be observed that after 5 cycles cycling, the nano-sized Li dendrites are formed 
on the metallic Li anode surface. While after 500 cycles, these small Li dendrites have 
grown into robust micro-sized Li dendrite, which is strong enough to penetrate through 
the separator. In addition, the charge discharge current density will largely influence 
the formation of Li dendrites, that is, with a higher current density, it will be much 
easier to form Li dendrites 47. There are many researchers studied the approaches to 
suppress the deposition and growth of Li dendrites 42, 48, 49, however, these approaches 
are still far from application. 
1.2.3 Degradation of Li anode 
Meanwhile, the metallic Li anode surface degradation is also a critical problem 
as well as the Li dendrite. Especially at a higher current density, more ‘dead Li’ will 
formed in a larger amount on the metallic Li surface 47, 50. Fig. 1.6 a illustrates the 
surface composition of the loose and ‘dead’ Li and the increased surface degradation 
according to a higher current density.  
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Fig. 1.6 (a) Schematic diagram of the surface degradation in Li anode with the 
increasing current density 47. Reprinted with permission from Ref. 47. Copyright © 
2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (b) The mechanism of the 
degradation formed in Li anode 50. Reprinted with permission from Ref. 50. Copyright 
(2010s) American Chemical Society. 
 
As it is known that the metallic Li is quite unstable in the organic solvent which 
are commonly used as the Li-S electrolyte 51,52. Thus, a passivating interlayer on the Li 
surface which is caused by the reaction between electrolyte and metallic Li surface will 
be formed. This interlayer is named as solid electrolyte interphase (SEI) 53. In a 
stabilized Li-ion battery system, the SEI layer is supposed to be stably cover the Li 
metal and will stop the further reaction between anode and the electrolyte. It should be 
very thin in a nanoscale and can protect the anode to make the uniform deposition of 
Li-ion the anode. However, in the state-of-art electrolyte systems, the metallic Li cannot 
form stable SEI layer in the electrolyte 54. As illustrated in  Fig. 1.6 b, at a low current 
density, the metallic Li anode will endure smaller volume change during Li stripping 
and depositing. As a result, the SEI layer can stay rather flat and less chance will let the 
metallic Li react with the electrolyte. However, at a high current density, the Li metal 
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will undergo big volume change and make some breaks in the metallic Li surface. The 
SEI layer can keep forming through the breaks in the Li anode. As a result, more and 
more ‘dead’ Li will deposit on the Li surface. Since these ‘dead’ Li are electronic 
insulating and barely allow the diffusion of Li-ion, which increases the ionic resistance. 
Afterward, these ‘dead’ layer will break down and go into the electrolyte, leaving the 
inner part metallic Li expose to electrolyte again. As a result, more and more active Li 
in the anode will become inactive and cannot serve as the effective anode, resulting in 
a low Coulombic efficiency and poor cyclability 55. 
1.2.4 Other challenges 
Besides the formidable challenges existing in the dissolution of polysulfides, 
metallic Li anodes, there are still many challenges facing the Li-S battery.  First of all, 
the insulating nature of S (~10-30 S cm-1), as well as the discharged product, will largely 
increase the internal resistance of Li-S battery. The poor electronic and ionic 
conductivity of the S species will lead to the poor electrochemical performances, even 
leads to the high charge overpotential in the Li2S cathode 56. In addition, the higher 
internal resistance is responsible for the increased voltage hysteresis during charge 
discharge process, especially at higher current density.  
Because of the difference in density between S (2.07 g cm-3) and Li2S (1.66 g 
cm-3), when S cathode is fully lithiated into Li2S, the cathode will suffer a high 
volumetric expansion around 79%. In addition, the formed Li2S cannot totally reverse 
to the original volume of S composite after de-lithiation process due to its pulverizing 
state 57. Therefore, the volume change of the S cathode will cause irreversible expansion 
during cycling, which will result in structure collapse and lead to active materials loss 
from electrode.  
The minimum self-discharge effect is an important criterion to judge a Li-ion 
battery. Nevertheless, Li-S batteries deliver serious self-discharge phenomenon 58. As 
it is mentioned in previous part, the dissolution of polysulfide in the electrolyte is 
inevitable 59. When the Li-S battery is resting after cycled, there are still some 
polysulfides in the electrolyte and cathode. The active polysulfide in the cathode and in 
electrolyte will diffuse to the metallic Li anode due to the low concentration in anode 
side. The high order polysulfides will be inevitably reduced to lower ordered 
polysulfides in the anode side, resulting in decreased capacity performance and poor 
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storage life 60. The decreased open circuit voltage (OCV) observed is the signal of the 
self-discharge 17, 60, 61.  
Last but not least, due to the poor ionic conductivity of S species, the Li-ion 
could barely transport into the S composite completely. During the discharge, some of 
the soluble polysulfides will diffuse into the cathode surface and further be reduced into 
solid state Li2S on the cathode surface, forming an insulating Li2S layer on some site 
of the S cathode surface 57, 62. As a result, the insulative Li2S layer will prevent the 
further deposition of Li2S due to its poor conductivity. The Li2S products will be uneven 
deposited on the cathode surface. When the Li-S battery is on the charge process, 
similar uneven deposition of S layer on the cathode surface will happen. This insulating 
layer deposited on cathode surface will become thicker after cycling, resulting in the 
increasing internal resistance and capacity decay 63.  
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1.3 Li2S based cathode 
As discussed in the previous part, the Li dendrite and the anode degradation in 
the metallic Li anode has greatly hampered the application of Li-S battery in the 
portable electronics and electric vehicles. Though the reported strategies such as using 
the nanostructured metallic Li anode, adding Li dendrite preventing interlayer, these 
methods cannot bare long time cycling. In recent years, researchers have payed 
attention on the fully lithiated state Li2S cathode, which also has a very high theoretical 
specific capacity of 1165 mAh g-1. The Li2S cathode shows advantages over the S 
cathode in two aspects. On the one hand, the fully lithiated state Li2S cathode material 
can largely avoided the volume expansion during charge discharge, which will 
contribute to a more stabilized cyclability. On the other hand, the fully lithiated Li2S 
has the ability to pair with the metallic Li free anode, such as graphite, silicon and tin 
anodes. Concerning the serious safety issues caused by the metallic Li anode, my 
research interest lies in the Li2S cathode. 
1.3.1 Challenges in Li2S based cathode 
Though the Li2S cathode shows advantages over S cathode, it remains the 
challenges in the S cathode at the same time, especially the challenges of electronic 
insulating nature and polysulfide dissolution. Furthermore, Li2S has extremely poor 
ionic insulating nature because of the high enthalpy change required for the formation 
of Li2S 64. The poor ionic and electronic conductivity of Li2S is commonly deemed as 
the reason which leads to the very high activation voltage barrier in the first charge 
process of Li2S cathode. 
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Fig. 1.7 (a) Initial voltage profiles of the Li2S cathode at various C-rates. b) 
Relationship between the logarithm of different C-rate and the corresponding 
overpotential. c) Schematic diagram of the activation process in the initial charge 
process of Li2S 56. Reprinted with permission from Ref. 56. Copyright (2012) American 
Chemical Society. 
 
Fig. 1.7 a shows the initial charge curve of the Li2S cathode which is prepared 
by ball milling at various C-rate. The values of the overpotential in the initial charge 
are collected and plotted vs. the logarithm of the C-rate in Fig. 1.7 b. It can be observed 
that the voltage barrier increases exponentially according to the increased current 
density, which indicates that the charge transfer dominates the value of voltage barrier 
in the initial cycle besides the poor ionic and electronic conductivity of Li2S. The model 
for the voltage barrier has also been built and divided into 4 steps shown in Fig. 1.7 c. 
In step 1 when the voltage is much lower than the peak voltage, the Li2S will first release 
Li-ion and form the single phase Li2-xS with a Li-poor shell on the surface through the 
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reaction: 
γLi2S → Li2-xS(s) +γLi+ + xe-                        Equation 1.9 
In step 2, the single solid phase Li-poor shell/ core part remains, leading to the 
poor charge transfer. In step 3, After overcoming the voltage barrier, soluble high-order 
polysulfides are generated through the following reactions.  
 
  γLisS(s)→ Li2Sγ (l) + (2γ-2) Li+ + (2γ-2) e-             Equation 1.10 
             𝐿𝑖2𝑆𝛾(𝑙) →  
𝛾
8 
 𝐿𝑖2𝑆8 (𝑙) + (2 −
𝛾
4
) 𝐿𝑖+  + (2 −
𝛾
4
) 𝑒−     Equation 1.11 
 
As a result, it becomes much easier for the charge transfer between electrolytes, 
polysulfides and Li2S. The last step corresponds to the end of charging process, only 
polysulfides exists, which exhibit fast kinetics.  
Besides the theory from the limited charge transfer which causes the voltage 
barrier, the high sensitivity of Li2S to moisture also contribute to the high barrier 65. 
Li2S can easily reacted in the air even with trace amount of water through the following 
reaction:   
Li2S + H2O → LiOH + H2S ↑                       Equation 1.12 
From the view of thermodynamics 66-69, it will lead to continuous reaction of 
Li2S to form the native LiOH layer and release the hazard H2S gas at the same time 65.  
1.3.2 Fabrication of Li2S cathode using commercial Li2S  
Commercialized Li2S powder which is easy to obtain is the initial material for 
researchers trying to make Li2S cathode.  In order to increase the conductivity of the 
Li2S cathode, it requires a well contact between carbon materials and insulative Li2S 
powder. The heat melt method is widely used in S cathode which could let sulfur 
permeate into the pores of nanostructured conductive carbon host materials. 
Nevertheless, due to the extremely high melting temperature of Li2S (1372 oC), at which 
the nano carbon materials will be evaporated. Furthermore, due to the high sensitivity 
and reactivity of Li2S with moisture and oxygen at high temperature, it inevitably calls 
for high requirement for the equipment. As a result, new approaches should be 
considered to make effective Li2S cathode with satisfied performance. 
Fig. 1.8 illustrates two main approaches developed from the commercial Li2S 
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powder. Ball milling is a common way to minimize the size of commercial Li2S 
powders 56, 70. As shown in Fig. 1.8 a, researchers have tried to mix Li2S with carbon 
nanoparticles by high energy ball milling method. The micro-sized Li2S and carbon 
composite can be obtained. Fig. 1.8 c shows the cycling performance of the fabricated 
Li2S cathode by ball milling method, from which the fast capacity fading and a rather 
low capacity can be confirmed.  
 
 
Fig. 1.8 (a) Schematic diagram (c) cycling performance of the ball milling fabrication 
process of the Li2S cathode 71. Reprinted with permission from Ref. 71. Copyright 
(2012) American Chemical Society. (b) Schematic diagram (d) cycling performance of 
the recrystallization method to fabricate Li2S cathode 72. Reprinted with permission 
from Ref. 72. Copyright (2015) American Chemical Society. 
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Thanks to the solubility of Li2S in ethanol, recrystallization of dissolved Li2S is 
another available approach to make small size Li2S cathode 72, 73. The experimental 
process is illustrated in Fig. 1.8 b, in which the dissolved Li2S solution is dropped on 
the multi-wall carbon paper. After it is dried, the cathode is used to make a battery. Fig. 
1.8 d shows the cycling performance at various C-rates in this battery. Though the 
capacity performance is better than the one in Fig. 1.8 b due to the smaller sized Li2S 
particles, the reproducibility of the recrystallization method still need to be improved. 
In addition, other approaches such as using the ion-selective polymer (ex. polypyrrole 
71, 74, polyvinylpyrrolidone70, 75) coating on the Li2S surface to entrap the polysulfide 
species, are always used as the host materials to for better performance besides porous 
structured carbon materials.   
1.3.3 Thermal reaction method to fabricate Li2S  
As it is known that Li2S can be synthesized by the carbothermic reduction of 
lithium sulfate: 
Li2SO4 +xC → Li2S + xCOy   (x=1-4; y=1-2)              Equation 1.13 
The reaction Gibbs free energies of each reaction are calculated and plotted in  
Fig. 1.9, from which it can be confirmed that high temperature above 725 oC is 
needed to overcome the high Gibbs free energy. In M. Kohl et al.’s work, a relative 
lower reaction temperature of 820 oC has been achieved to make nanosized Li2S 
particles, which retains the small size of lithium sulfate used 76. The nano sized Li2S 
cathode shows poor ionic and electronic conductivity, which was reflected from the 
ultra high over potential barrier (3.3 V) in the initial charge process. 
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Fig. 1.9 The relationship between reaction temperature and the Gibbs free energy 
required 77. Reprinted with permission from Ref. 77. Copyright (2015) American 
Chemical Society. 
 
The thermal reaction for fabricating Li2S can not only taken place in the 
carbothermic reaction, the high order polysulfide, for example, Li2S6 is also able to 
decompose into Li2S at around 700 oC 78. As illustrated in Fig. 1.10 a, Kai Han et al. 
reported the method to mix Li2S6 solution with graphene. By heating the dried mixture 
in argon atmosphere at 700 oC, the Li2S6 will be reduced to Li2S and entrapped in the 
reduced graphene oxide (rGO). In this approach, more rGO architecture is able to 
support the smaller sized Li2S.  From the SEM image of the Li2S-rGO surface shown 
in the inset of Fig. 1.10 b, many sub-micros can be observed. As a result, increased 
electronic and ionic conductivity will be obtained. Fig. 1.10 b illustrates the cycling 
performance of the repaired Li2S-rGO cathode, it delivers dramatic capacity fading 
which lost half amount capacity in the first 10 cycles. The fast capacity decay should 
be attributed to the serious dissolution of active materials. 
19 
 
 
Fig. 1.10 (a) Schematic diagram of the Li2S-reduced graphene oxide (rGO) by thermal 
reduction method. (b) Cycling performance of the synthesized Li2S-rGO cathode at 0.1 
C-rate. Inset is the SEM image of the Li2S-rGO surface 78. Reprinted with permission 
from Ref. 78. Copyright (2015) American Chemical Society. (c) Schematic diagram of 
the fabrication of Li2S carbon composite by thermal reaction between LiH and S. (d) 
Cycling performance of the thermal reduced Li2S/C cathode at 0.1 C-rate 79. Reprinted 
from Ref. 79 with permission from The Royal Society of Chemistry. 
 
Recently, the high temperature ball milling method is used to thermal reduce S 
into Li2S by employing the solid state LiH as reductant 79. The reaction equation is  
   2LiH + S → Li2S + H2 ↑                              Equation 1.14 
in which the flammable hydrogen gas will be formed at the extremely high temperature 
1000 oC. It will be very dangerous for hydrogen gas in such a high temperature. In 
addition, the fabricated Li2S at high temperature also encounter the issue from being 
inactive. In addition, the thermal synthesized Li2S shows a quite ununiform sub-micro 
structure, which could barely improve the conductivity when mixing with carbon 
materials. Thus, it still faces the high activation voltage barrier in the initial charge 
process. The cycling performance of this Li2S cathode with different weight ratio of 
carbon material is shown in Fig. 1.10 d, from which it can be confirmed that even at a 
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high carbon weight ratio, the capacity retention is still not satisfied. 
1.3.4 Chemically fabricate Li2S cathode by organolithium reagents 
As discussed in previous part, the approaches to make Li2S cathode through 
using the commercial Li2S and thermal reaction cannot meet the high capacity 
performance requirement. Especially the high temperature thermal reduction reaction 
is easily cause Li2S inactivation and safety hazard. Recent few years, researchers have 
payed attention on using the organolithium reagents which have strong reducing ability. 
Organolithium reagents are among the most active and versatile reagents in fields of 
chemistry. There are some common species of organolithium reagents, such as lithium 
triethylborohydride (LiEt3BH), methyllithium, n-butylliyhium and phenyllithium 80, 81. 
Since 1979, it is reported that the in anhydrous THF, S can be easily and rapidly 
formed by the reaction with commercial available LiEt3BH 82. The reaction equation is: 
 
S + 2 LiEt3BH → Li2S + 2 Et3B + H2 ↑                 Equation 1.15 
  2S + 2 LiEt3BH → Li2S2 + 2 Et3B + H2 ↑               Equation 1.16 
 
It can be confirmed from Equation 1.15 and Equation 1.16 that it is possible to 
form Li2S2 or its chemically equivalent products. The Et3B and hydrogen gas are the 
only two side products.  
 
 
Fig. 1.11 Schematic diagram of the fabrication process by using LiEt3BH as 
organolithium reagent 83. Reprinted with permission from Ref. 83. Copyright (2014) 
American Chemical Society. 
 
In 2010, the organolithium reagent is firstly been applied in the Li-S battery by 
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Yuan Yang et al. according to my best knowledge 84. N-butylliyhium is used as the 
organolithium reagent to reduce the S cathode directly into Li2S. From the X-ray 
diffraction (XRD) and voltage profile, it can be confirmed that the S has been fully 
lithiated. However, it shows low capacity performance at a low C-rate. Only 20 cycles 
at low C-rate is realized by using the fabricated Li2S cathode. In 2014, researchers tried 
to use the dissolved state S molecules to react with the organolithium solution at a 
molecular scale. As a result, the micro-nano sized Li2S particles are able to fabricated. 
In addition, the chemical vapor deposition (CVD) method is employed to coat a 
nanosized thin carbon layer on the synthesized Li2S surface 78. Fig. 1.11 illustrates the 
synthesis process of the carbon coated Li2S nanoparticles. The coated carbon layer 
performs like a conductive layer, as well as the physical barrier to confine the 
dissolution of polysulfides. It is noteworthy that before the CVD coating process, the 
carbonization process of the synthesized Li2S particles is needed. At around 500 oC, the 
organics on the Li2S surface will carbonize to conductive material and the low 
crystallized Li2S will grow into highly crystallized nano particles. Through the 
carbonization process and the CVD process, the carbon coated Li2S cathode has 
achieved much higher capacity performance and capacity retention than reported 
before. 
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1.4 Full Cell Systems Based on a Li2S Cathode  
Due to the tremendous hazards caused by the metallic Li anode, the metallic Li 
free Li-ion battery is a possible way to completely avoid the drawbacks from Li metal 
85. The metallic Li free Li-ion sulfur battery has been developed for a few years. In 2010 
year, the first Li2S-silicon full cell is firstly reported to the best of my knowledge 84, 
there has been a period that silicon is an attractive anode active material for making the 
Li-ion sulfur battery. In the same year, Jusef Hassoun et al. reported a novel polymer 
tin Li-ion sulfur battery by using the polymer as electrolyte, which has showed good 
ability in polysulfide dissolution suppression 86. The lithiated anode part is also a 
strategy to make metallic Li free Li-ion sulfur battery. In 2011, Liu Nian et al. has firstly 
reported to lithiate silicon nanowire structured anode into LixSi anode 87. By pairing the 
prelithiated silicon nanowire anode and sulfur/mesoporous carbon cathode which also 
shows good cycling performance, the high capacity around 1000 mAh g-1 has been 
achieved. Due to the high performance, many other efforts have been exerted on the 
silicon anode to make better stabilized Li-ion sulfur full cell 88-92. Benefited by the 
nanosized silicon materials, much better performance can be achieved from the anode 
side. However, due to limited cycling retention, the S-LixSi full cells still far from 
application. 
The key challenge in developing a full cell is to build a novel battery 
configuration which is compatible with the cathode, anode and electrolyte. Start from 
the fully lithiated state Li2S as the active material for cathode, there are few full cell 
systems have been developed for making the metallic free full cell. Specifically, I 
summarized mainly three successful types of Li2S based Li-ion full cell as follows. 
1.4.1 Li2S-Sn full cell system 
The Li2S cathode has been used to pair with the tin (Sn) anode 86, 93. In the 
reported method, the normal ether based electrolyte of the Li2S-Sn full cell system was 
replaced by a membrane, which is formed by mixing ethylene carbonate and 
dimethylcarbonate lithium hexafluorophosphate (EC: DMC LiPF6) solution with Li2S 
in a polyethylene oxide / lithium trifluoromethanesulfonate (PEO/LiCF3SO3) polymer 
matrix 94.  
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Fig. 1.12 (a) Schematic diagram of the Li2S-Sn full cell system. (b) Typical voltage 
profiles and (c) cycling performance of the Li2S-Sn full cell system at 0.05 C-rate 94.  
Reprinted with permission from Ref. 94. Copyright © 2010 WILEY‐VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
 
The electrolyte was selected from the two aspects of considerations. First of all, 
it should be kept in mind that the suspension of polysulfide dissolution should be the 
most critical issue to obtain better cycling performance. The polymer membrane used 
here can not only perform as electrolyte for ion transfer, in addition, it acted as a 
physical barrier for stopping polysulfide from diffusion 95. Another issue which need to 
be considered is the conductivity of the electrolyte 96. If the conductivity of the 
electrolyte is too low, then high ohmic drop during charge discharge process will be 
observed. According to the two standards, the propriate polymer formation is selected 
as the compatible electrolyte for the Li2S-Sn full cell system. 
The configuration of the full cell system is illustrated in Fig. 1.12 a. Both the 
cathodes and anodes are prepared by mixing with conductive carbon material. In Fig. 
1.12 b, the charge discharge curves at 0.05 C-rate is exhibited. It can be observed that 
the slop during discharge process possible due to the unclear step by step transformation 
of polysulfides. The cycling performance at 0.05 C-rate shown in Fig. 1.12 a is rather 
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stable in 35 cycles. 
1.4.2 Li2S-Si full cell system 
Silicon (Si), which has the high theoretical specific capacity 4200 mAh g-1, is 
the most promising anode for the next generation Li-ion battery 97, 98. Contributed by 
the improved cycling performance of the nanostructured Si anode 99, 100, different works 
have reported the Li2S-Si full cell system 84, 101, 102.  It is worth to note that the Li2S-Si 
system has been realized in two different electrolyte configurations according to my 
knowledge. Fortunately, as it is reported, the Si anode is compatible in the normal ether 
base electrolyte system which is composed of 87, 89, 90, 92, 103. On the other hand, the Li2S-
Si full cell system has also been built by using the ionic liquid as electrolyte 88, 102. Thus, 
more possibility for developing Li2S-Si full cell system is expected. 
 
Fig. 1.13 Schematic diagram of the Li2S-Si full cell system. Typical voltage profiles 
and cycling performance at various C-rate of the Li2S-tin full cell system 101.  
Reprinted with permission from Ref. 101. Copyright © 2014, Rights Managed by Nature 
Publishing Group. 
 
One of the typical configuration of the Li2S-Si full cell system is illustrated in 
Fig. 1.4 a, from which the cathode and anode electrochemical process can be explained 
during charge and discharge process. The electrolyte used is the 
bis(trifluoromethanesulfonyl)imide (LiTFSI) in a mixture of 1,3-dioxolane (DOL) and 
1,2-dimethoxyethane (DME), which is common used in Li-S battery.  Fig. 1.4 b shows 
the cycling performance of the assembled Li2S-Si full cell at 0.05 C-rate, 0.2 C-rate and 
1 C-rate. It can be observed that even at 0.2 C-rate, stable cycling with a discharge 
capacity around 700 mAh g-1 can be obtained. However, in  Fig. 1.4 c, the initial 
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charge curve at 0.05 C-rate shows a higher voltage than the following cycles, indicating 
the poor conductivity in the battery system. Compared with the Li2S-Sn full cell system, 
better performance is achieved. 
1.4.3 Li2S-graphite full cell system 
 
 
Fig. 1.14 (a) Schematic diagram of the Li2S-graphite full cell system in a glyme base 
electrolyte. Typical voltage profiles of the Li2S-graphite full cell in different electrolyte 
of (b) glyme base, (c) ether base. (d) Voltage profile of the Typical voltage profiles and 
cycling performance of the Li2S-graphtie full cell system at 1/12 C-rate 104. Reprinted 
with permission from Ref. 104. Copyright (2016) American Chemical Society. 
 
Though the theoretical energy density of the novel type Si or Sn anode are much 
26 
 
higher than the graphite anode, which shows a theoretical specific capacity of 372 mAh 
g-1. Graphite as a commercialized anode is the most stable reservoir for Li ion 
intercalation and deintercalation is considered as the most practical anode material for 
pushing forward the commercialization of Li-ion sulfur battery at this moment.  
However, lithiated graphite is highly sensitive to electrolyte, especially in ether 
type electrolyte used in S battery, which will cause low reversible capacity in the graphite 
anode 105, 106. This has largely prolonged the application of graphite anode in S Li-ion 
full cell. Until 2016, Li et al. firstly reported the Li2S-graphite full cell system for S 
battery by using glyme type electrolyte 104, 107. The schematic diagram of the Li2S-
graphite full cell system is illustrated in Fig. 1.13 a. Fig. 1.13 b and  Fig. 1.13 c 
compared the voltage profiles of the Li2S-graphite full cell system in different 
electrolyte systems, in glyme based electrolyte and DOL/DME as electrolyte 
respectively. It is observed that in the ether base electrolyte, the capacity almost 
decayed to 200 mAh g-1 in the first discharge. It can strongly support that the ether 
molecules can co-intercalation with Li-ion into graphite layers. As a result, the layer by 
layer structured graphite will be destroyed.  
 
 
Fig. 1.15 Mechanism of the graphite exfoliation caused by the co-intercalation of 
solvents 108. Reprinted with permission from Ref. 108. Copyright (2014) American 
Chemical Society. 
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It has been studied that even in the glyme base electrolyte, if the solution 
contains excess glymes, then the excess glyme will co-intercalate with Li-ion and cause 
exfoliation of the graphite layers as illustrated in Fig. 1.15 108. In glyme based 
electrolyte, it is reported that the solid state interphase (SEI) layer is able to form on the 
graphite anode surface 108, 109. As a result, the electrolyte system for the Li2S-graphtie 
full cell system should be carefully designed. In Fig. 1.13 e, the researchers have studied 
the Li2S-graphtie full cell performance in different glyme based electrolyte. It can be 
confirmed that the component of the glyme electrolyte influence quite a lot on the Li2S-
graphtie full cell performance. Though the Li2S-graphtie full cell performance has been 
optimized, rapid capacity fading with a fading rate of 0.4% per cycle is also observed 
at 1/12 C-rate. More importantly, as shown in Fig. 1.13 d, the initial anodic CV scan 
shows a higher and ambiguous peak, which indicates the existence of voltage barrier 
causing by the poor conductivity.  
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1.5 Objective for this dissertation 
In previous study 110, a S/ Ketjenblack (KB) composite S cathode is fabricated 
through the melt-diffusion method. S was heated to 155 oC to get a lowest viscosity. 
This state S can easily diffuse into the nanopores of KB, which will increase the 
conductivity and provide better absorption of polysulfides. In order to further improve 
the capacity performance of the S/KB cathode, an ion-selective polypyrrole (PPy) layer 
was deposited on the S/KB cathode surface by oxidative electro-polymerization. This 
ion-selective PPy layer can confine the diffusion of polysulfides and allow the 
permeation of Li-ion. By applying the PPy layer, the capacity performance and the 
Coulombic efficiency of the Li-S cell can be improved. However, the lack of Li-ion in 
the S cathode still requires Li metal or Li-ion in the anode. Li dendrite formed during 
cycling tends to cause serious safety issues which seriously hinder its application. As a 
result, it is an inevitable trend to introduce Li-ion in the S cathode to avoid the usage of 
Li metal.  
This dissertation focused on the issues rising from the Li metal anode. In order 
to solve the safety issue, one of the most promising solution is to use the fully lithiated 
state lithium sulfide (Li2S) as a cathode material with Li source. Besides the merits of 
low price and high theoretical capacity (1165 mAh g-1), the Li2S cathode remains the 
drawbacks like the insulating nature and the polysulfide dissolution similar as S. 
Because of the high melting temperature (1372℃) of Li2S material, the normal melt-
infusion method for fabricating S/C composite cathode doesn’t work for Li2S/C 
cathode. In addition, the poor conductivity of Li2S will cause high overpotential barrier 
(about 1 V) in the first cycle, which will raise a lot problem in application. In order to 
address those problems, the lithiation approaches driven by different electrochemical 
process are studied to fabricate Li2S/KB composite cathode with high electronic and 
ionic conductivity. The Li-ion sulfur battery which is assembled by lithiated S cathode 
(Li2S cathode) with the Li metal free anode (ex. graphite) is assembled to alleviate the 
safety hazard. 
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Chapter 2   Direct contacting 
lithiation method to fabricate Li2S 
cathode 
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2.1 Introduction 
Recent years, the fully lithiated state lithium sulfide (Li2S) has been 
employed as a cathode material with Li source 1-4. Besides the merits of low price 
and high theoretical capacity (1165 mAh g-1), the Li2S cathode remains the 
drawbacks like the insulating nature and the polysulfide dissolution similar to S 
5, 6 and fast capacity fading. The normal method to lithiate S cathode is directly 
employing commercial Li2S powder as an original material 7-9. Because of the 
high melting temperature of Li2S material 10, the normal melt-infusion method 
for fabricating S/C composite cathode is not useful for Li2S/C cathode. In this 
case, different methods have been explored to develop effective Li2S cathode, 
such as fabricating a conductive polymer layer on Li2S particles to hold the 
polysulfide 8, 11, 12, using the liquid immersion method by dropping Li2S ethanol 
solution in the grapheme 13-15, and chemically fabricating Li2S 16, 17. While the 
requirement for high temperature and special equipment have limited its large 
scale production. Addtionally, the Li2S can easily absorb the water in air and 
release toxic H2S gas, which greatly increased the production cost. In order to 
meet the demand in application, it is urgent to develop a new way to introduce 
Li-ion in S cathode.  
Thus, how to introduce the conductive carbon material in the Li2S cathode is a 
critical issue which researchers need to think about. The direct contacting lithiation 
method was proposed which can directly lithiate the prepared S/KB cathode into 
Li2S/KB cathode easily. As it is known that the it is easy to make well mixed S/KB 
composite cathode by employing the heat melt infusion process at 155 oC. Generally, 
this direct contacting lithiation method shows advantages in the three aspects. Firstly, 
by using this direct contacting lithiation method, the well mixed and contacted Li2S/KB 
composite can be made at room temperature without any further treatment. Secondly, 
this method is universal to different types of sulfur cathodes, which shows promising 
application possibility for various Li2S cathodes. Thirdly, thanks to the well contacted 
Li2S and KB, Li2S/KB cathode fabricated by this method showed no over potential 
barrier in the first charge process which may be caused by the facilitated charge transfer. 
This Li2S cathode can be coupled with metallic Li free anode, such as graphite, Si to 
form a metallic Li free battery.  
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How to suppress the polysulfide dissolution is another key issue which should 
be seriously considered. As it is mentioned that in the previous work, the ion-selective 
PPy layer has been proven to be an ideal interlayer on cathode, which can suppress the 
dissolution of polysulfides and allow the diffusion of Li-ion. The PPy layer was applied 
on the Li2S cathode by using the PPy/S/KB cathode as the original cathode. After the 
pre-lithiation, the prepared PPy/Li2S/KB cathode showed much higher capacity than 
the Li2S/KB cathode owing to the suppression of polysulfide dissolution. The influence 
of the PPy thickness on the electrochemical performance of Li2S/KB cathode is studied 
and discussed. After all, the prepared Li2S/KB cathode was paired with the graphite 
anode to make the metallic Li free full cell. The ion-selective PPy layer has been 
introduced in the Li2S/KB graphite full cell system, which is expected to improve the 
cycling performance in the full cell. The reason which leads to the rather low 
performance in the full cell system are discussed. It is believed that this lithiation 
method discussed in this chapter is a good threshold for exploring the optimized 
methods for making Li2S cathode. 
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2.2 Experimental 
2.2.1   Preparation 
The fabrication of S/KB cathode is made through the heat-melt infusion process. 
Firstly, the 50 wt.% S (Sigma-Aldrich) was milling with 50 wt.% Ketjenblack (KB, 
LION SPECIALTY CHMICALS) in a granulator (Balance Gran, AKIRAKIKO). Then 
the S and KB were mixed and heated at 155oC in an argon (Ar) atmosphere for 12 hours 
to let S melted with KB. Then the S/KB composite particles were cooled at room 
temperature until 25oC. The S/KB slurry was made by mixing S/KB composite with 
polyvinylidene difluoride (PVdF, Sigma-Aldrich) as binder with a weight ratio of 9:1. 
The N-methylpyrrolidone (NMP, KANTO CHEMICAl) was used as solvent to make 
slurry. After be well mixed, the S/KB slurry was coated on the Al foil by a doctor blade. 
The coated cathode was naturally dried in dry atmosphere (dew point below -40oC, RT) 
for 12 hours. 
The polypyrrole (PPy)/S/KB cathode was prepared in a three-electrode bath, in 
which the S/KB cathode was used as working electrode, Pt wire was used as counter 
electrode and the Li metal was used as reference electrode. The deposition of PPy was 
using oxidative electro polymerization by apply a constant anodic potential of 4.5 V vs. 
Li/Li+. The amount of charge passed was 0.5 C cm-2 and the deposition temperature 
was 80℃. The polymerization bath was made by dissolving 1.0 M lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI, Kishida Chemical) in 1-methyl-1-
butylpyrrolidinium bis(trifluoromethanesulfonyl) imide (BMP-TFSI, Toyo Gosei). 
Then 0.1 M pyrrole (Wako Pure Chemical Industries) was dropped into the bath 
quickly. The deposited PPy/S/KB was rinsed by super dehydrated ethanol (Wako Pure 
Chemical Industries) and dried in dry atmosphere (dew point below -40oC, RT) for 12 
hours. 
The pre-lithiation process was conducted by contacting the Li foil and the S 
cathode. The electrolyte 1.0 M LiTFSI dioxolane (DOL)/Dimethoxyethane (DME) (1:1 
vol. ratio) was dropped on the PPy/S/KB electrode. Li foil was then placed onto the 
electrode. An outer pressure of 100 Pa was added for the close contact. After several 
hours, the pre-lithiated PPy/S/KB cathode was rinsed by DOL/DME (1:1 vol. ratio) and 
dried in an Ar atmosphere. The lithium foil was cleaned by abrasion and reused. 
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The graphite anode was prepared by mixing graphite, acetylene black (AB) and 
PVdF with a weight ratio of 90:5:5 in NMP by the granulator. Then the slurry was 
coated on the copper foil and then dried in a dry atmosphere (at the dew point of below 
-40℃, RT). 
2.2.2   Characterization 
Scanning electron microscopy (SEM) images were obtained by field emission 
SEM (FE-SEM, S-4500S, Hitachi). Transmission electron microscopy (TEM) images 
and relevant Energy-dispersive X-ray Spectroscopy (EDS) mapping were obtained by 
FE-TEM (Hitachi HF-2200) equipped with SEM/STEM attachment. The X-ray 
diffraction (XRD) pattern was obtained by RINT-Ultima Ⅲ with the protection of a 
Kapton tape. Raman spectroscopy (Renishaw inVia Raman Microscope) was 
performed after the samples were sealed in a glass chamber in the glovebox with an 
incident laser of 532 nm. The composite of the cathode was characterized by means 
of field emission scanning electron microscopy with an energy dispersive X-ray 
analyser (FESEM-EDX, Hitachi, S-4800) and X-ray photoelectron spectroscopy (XPS, 
JEOL, JPS-9010TR). The XPS and Raman spectra of PPy/Li2S/KB cathode were tested 
by destroying the surface layer to relieve the influence of PPy layer. The N2 absorption 
and desorption analysis was taken by BELSORP (BEL JAPAN, INC.). The BET 
calculation was conducted by BEL Master ver. 2.3.1 
2.2.3  Electrochemical measurement 
Coin type 2032 cells were assembled in an Ar filled glove box. 1.0 M LiTFSI 
in DOL/ DME (1:1 vol. ratio) was used as electrolyte. 25 μm thick polypropylene 
porous film was used as the separator and Li metal foil was used as anode. The 
galvanostatic charge discharge tests were conducted using a charge discharge system 
(TOSCAT-3100, Toyo system) at different C-rates between 1.5 and 3.0 V. The full cell 
was assembled by coupling PPy/Li2S/KB or Li2S/KB cathode with the prepared 
graphite anode. The electrolyte was composed of triethyleneglycol dimethylether 
(triglyme), LiTFSI and hydrofluoroether (HFE) with a molar ratio of 1:1:4. The 
galvanostatic charge discharge test of the full cell was test from 1.0 V to 3.3 V. The 
galvanostatic charge discharge test of the graphite half cell paired with Li metal in 
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triglyme/LITFSI/HFE electrolyte was tested in a voltage range from 0.1 V to 1 V. 
Cyclic voltammetry (CV) with a scan rate of 0.1 mV s-1 was conducted using 
electrochemical measurement equipment (HZ-5000, Hokuto Denko). Electrochemical 
impedance spectroscopy analysis was also performed with amplitude of 5 mV in the 
frequency range 100 kHz to 1 Hz by using an electrochemical instrument (VSP-300, 
BioLogic). 
2.3 Results and Discussion 
2.3.1 Characterization of the S/KB cathode. 
As it is known that the nanoporous structured amorphous KB is a good 
candidate as the host for sulfur loading, which can effectively confine the sulfur and 
polyusulfide species in from dissolving in the electrolytes by the physical force.The 
S/KB cathode was prepared by the heat treatment process. By this process, the S can 
melt and immerse into the nanopores in KB. The S weight ratio in the SKB composite 
is around 49.5% by the thermogravimetric analysis. The S/KB cathode after heat 
loading shows no peaks assigned to the S substance. As comparison, the S cathode 
which was fabricated without the heat treatment shows clearly S peaks besides the Al 
substrate peaks. It can be assumed that the S in S/KB cathode is in amorphous state 
with no crystallinity property. The amorphous structure of the S in the S/KB composite 
after heat treatment can also be confirmed by the Raman analysis (Fig. 2.1 b). 
 
 
Fig. 2.1 (a) Comparison of the XRD spectra of the S/KB cathodes prepared by the heat 
melt method and simply mix. (b) Raman spectra of different cathodes. 
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Fig. 2.2 (a) N2 absorption and desorption isothermals of the KB particles and S/KB 
composites. (b)The specific surface area of KB and S/KB composites respectively. 
 
N2 absorption and desorption method (shown in Fig. 2.2 a) was used to analysis 
the surface area and particle size of the KB and SKB. BET equation shown in Equation 
2.1 is used to calculate the specific surface area.  
 
    
𝑃
𝑉(𝑃0−𝑃)
=  
1
𝑉𝑚 ∙𝐶
+  
𝐶−1
𝑉𝑚∙ 𝐶
 (𝑃 𝑃0
⁄ )                      Equation 2.1 
 
Where P and P0 are the equilibrium and the saturation pressure of adsorbates at 
the absorption temperature. V is the volume of the absorbed gas and Vm is the volume 
when the monolayer of gas is absorbed. C is the BET constant.  According to the BET 
equation shown in Equation 2.1, the relation between P/V(P0-P) and P/P0 can be plotted 
and measured. The result of the calculated specific capacity area is exhibited in Fig. 2.2 
b, from which the dramatically change of the surface area and particle size of the KB 
nanoporous particles after the S heat loading can be observed. 
2.3.2 Material analysis of the lithiated Li2S cathode 
The direct contacting lithaition process is illustrated in Fig. 2.3, S in S/KB 
cathode was convered into Li2S based on the electrochemical reaction by applying a 
lithium metal foil contacting with the S cathode. The chemical reaction taken place is 
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illustrated in the following process:  
 
  Reduction:    S + 2e + Li+  Li2S                  Equation 2.2 
      Oxidation:  2Li  2Li+ + 2e                           Equation 2.3 
 
 
Fig. 2.3 Schematic diagram of the direct contacting pre-lithiation process. Copyright © 
2017 Elsevier B.V. All rights reserved. 
 
 From the FESEM image of the surface of fabricated S/KB cathode showed in 
Fig. 2.4 a, uniform nanoparticles with a diameter of 50 nm can be seen, which 
corresponds with the size of KB. In the XRD pattern of the PPy/S/KB cathode showed 
in Fig. 2.5, no peaks related to sulfur can be observed, while, S/KB mixture before heat 
treatment showed obvious sulfur peaks. It is indicated that the sulfur diffused in the 
nanopores of KB as a low crystallinity state after the heat treatment.  
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Fig. 2.4  (a) SEM image of the prepared S/KB cathode. Inset is the miniaturized SEM 
image of the S/KB cathode. (b) FETEM image of the fabricated core/shell structured 
Li2S/KB particle. (c) EDS mapping of Carbon (red) and sulfur (green) of the aggtration 
of Li2S/KB nanoparticles. Inset is the selected-area electron diffraction (SAED) pattern 
of a selected part in figure e. (d) The TEM image corresponding to figure d. Copyright 
© 2017 Elsevier B.V. All rights reserved. 
 
In Fig. 2.4 b, the amorphous KB can be obserbed, which is corresponding with 
the KB FETEM image. In the inner part of the Li2S/KB nanoparticle, the (111) plan of 
Li2S with a 3.3 Å crystalline plan spacing stick closely in the amorphous KB. As 
illustrated in Fig. 2.3, the core/ shell structured S/KB nanoparticles maintained its core/ 
shell structure after been pre-lithiated. From the EDS mapping of element S and C in 
Fig. 2.4 d, which corresponding to the image showed in Figure Fig. 2.4 d, the uniform 
distribution of the element S in the KB can be seen. The weak ring in the selected-area 
electron diffraction (SAED) pattern in the inset of Fig. 2.4 d confirmed the low 
crystallinity nature of the fabricated Li2S. it is convincible to conclude that the S/KB 
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has been lithiated into Li2S/KB by the pre-lithiation method. The close contact between 
Li2S and KB will contribute to the high electronic conductivity. 
 
 
Fig. 2.5 (a) XRD pattern of the PPy/S/KB cathode before and after pre-lithiation. (b) 
XRD pattern of the S/KB mixture without heat treatment. 
 
The cross sectional FESEM image in Fig. 2.6 shows a layer by layer structure 
of the PPy/S/KB cathode and the lithiated PPy/Li2S/KB cathode clealy. From the top 
view FESEM images of the PPy/S/KB cathode exhibited in Fig. 2.7, it can be observed 
that the PPy deposited shows a submicro paricle structure with a diameter around 500 
nm. The S/KB electrode beneath PPy layer exhibits uniform nanoparticle structure with 
a diameter about 50 nm (Fig. 2.6 a and g). From Figure 2b and e we can see the existence 
of PPy layer about 4 μm on the S/KB surface. The PPy layer keeps its morphology even 
after pre-lithiation from the side view (Fig. 2.6 c and f). The nano S/KB particles 
become denser after deposition of PPy because of the permeation of organic liquid (Fig. 
2.6 h). As shown in Figure 2i, the Li2S/KB particles almost contact with each other after 
pre-lithiation which may be contributed by the organic liquid permeation. From the 
EDX mapping in Fig. 2.9 a, it can be verified the existence of PPy layer and the uniform 
sulfur contribution in the cathode surface from the element view. 
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Fig. 2.6 FESEM images of the surface part of the (a) S/KB cathode, (b) PPy/S/KB 
cathode and (c) PPy/Li2S/KB cathode. Cross section FESEM images of (d)S/KB 
cathode, (e) PPy/S/KB cathode and (f) PPy/Li2S/KB cathode. FESEM images of the 
middle part of the (g) S/KB cathode, (h) PPy/S/KB cathode and (i) PPy/ Li2S/KB 
cathode. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
 
Fig. 2.7 SEM image of the PPy/S/KB cathode before and after the in situ pre-lithiation 
process. 
 
48 
 
The composite information is provided by XPS analysis. In the S/KB cathode, 
there is no peaks in N1s and Li1s XPS spectra can be observed. After deposition a ion-
selective PPy layer on the S/KB cathode, the C1s peaks loated at 285.2 eV and 284.2 
eV represents the carbon peaks Cα and Cβ in PPy (Fig. 2.8) 18. The N1s spectra in Fig. 
2.9 b showed two characteristic peaks located at 401.5 eV and 398.3 eV. The peak at 
401.5 eV has been ascribed to the positively charged state of N atoms (N+) 18, 19, while 
the peak located at 398.3 eV demonstrate the negatively charged PPy (N-) 20. It can be 
confirmed that the PPy layer was fully doped by TFSI- forming PPy+ TFSI- through 
calculating the peak ratio of N+ and N- 21. The TFSI- doped PPy has been proved to be 
effective in suppress polysulfide dissolution by accelerating the transfer velocity of Li+ 
ions and suppress the diffusion of polysulfide 11, 22.  
 
 
Fig. 2.8 C1s XPS spectrum of the PPy surface. 
 
After pre-lithiation, the decrease of the intensity of the N+ indicates the 
consuming of N+ during the lithiation process. Before pre-lithiation, The S3/2p XPS 
spectra showed only one peak at 163.7 eV which related to S substance. After pre-
lithiation, the S3/2p peak located at 167.8 eV was thought originating from the TFSI- 
23, 24, which comes from the electrolyte used during pre-lithiation. The S3/2p peak 
located at 160.0 eV was attributed to the Li-S bond in Li2S, which confirmed all of the 
sulfur in the cathode has completed transferred into the fully lithiated state Li2S 23. The 
49 
 
appearance of Li 1s peak at 55.5 eV after pre-lithiation also verified the fabrication of 
Li2S after pre-lithiation 25.  
 
 
Fig. 2.9 (a) EDX mapping of N, S and C element in the cross-section of PPy/S/KB 
electrode and PPy/Li2S/KB cathode. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
 
 
Fig. 2.10 XPS spectra of N 1s, S 2p and Li 1s in PPy/S/KB electrode (black line) and 
PPy/Li2S/KB cathode (red line). Copyright © 2017 Elsevier B.V. All rights reserved. 
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Fig. 2.11 Cycling performance of prepared Li2S/KB cathode and PPy/Li2S/KB 
cathodes at 0.2 C-rate. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
Fig. 2.11 exhibits the cycling performance of different cathodes before and after 
pre-lithiation at 0.2 C-rate. After pre-lithiation, the PPy/L2S/KB cathode kept the high 
columbic efficiency and good cycling performance as the PPy/S/KB cathode, which 
was attributed by the existance of PPy layer. In addition, the PPy/L2S/KB cathode 
showed higher capacity than the PPy/S/KB cathode, which was persumed caused by 
the enhanced charge transfer after pre-lithiation. Without PPy layer, the S/KB cathode 
and Li2S/KB cathode showed fast capacity fading and low Columbic efficiency 
(devided the discharge capacity by the last charge capacity) due to the fast dissolution 
of polysulfide into the electrolyte. The Li2S/KB cathode fabricated by pre-lithiation 
showed lower capacity than the original S/KB cathode. This maybe caused by the lost 
of the intermediate product polysulfide during the pre-lithiation process. It is 
convincible to say that the PPy layer can keep polysulfide from running away like a 
protecting layer during the pre-lithiation process as weill as a suppression for 
polysulfide diffusion during cycling. The PPy/Li2S/KB cathode can be exposed in the 
air for 1 hour and kept the high capacity, while the Li2S/KB cathode showed an obvious 
capacity decrease after made into a coin cell. It provides possibility for assembling the 
Li metal free Li2S full cell in air atmosphere. 
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Fig. 2.12 (a) Cycling performance of different cathodes cycled at various C-rates. 
(b)The 1st cycle charge discharge curves of PPy/S/KB cathode at different lithiation 
depth at 0.05 C-rate. (c) Impedance spectra at open-circuit voltage for different 
cathodes. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
In Fig. 2.12 a, the pre-lithiated PPy/Li2S/KB cathode showed similar capacity 
at 0.2 C-rate and 0.5 C-rate with the PPy/S/KB cathode. However, the PPy/Li2S/KB 
cathode exhibited advatage at higher C-rates like 1 and 2 C-rate. After came back to 0.2 
C-rate, the PPy/Li2S/KB cathode remains stable capacity higher than 800 mAh g-1. 
Though the Li2S/KB showed low capacity due to the absence of PPy layer, it behaved 
better than the PPy/S/KB cathode at 2 C-rate. Fig. 2.12 b exhibts the 1st cycle charge 
discharge curves of in different lithiation depth of PPy/S/KB cathode realized by 
adjusting the pre-lithiation time. The lithiated PPy/S/KB cathode was start from charge 
process, there is totally no over potential can be observed. Without pre-lithiation, the 
OCV (open circuit voltage) of the PPy/S/KB cathode is around 3 V. By applying this 
contact pre-lithiation for half of the required time, the OCV decreased to about 2.1 V, 
the 1st charge discharge curve was shown as the blue dashed line in Fig. 2.12 b. After 
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fully pre-lithiated, the OCV of the assembled half cell decreased to about 1.7 V, which 
demonstrated the fully lithiated state of S.  Fig. 2.12 c shows the Nyquist plot of 
different cathodes, which include a semicircle with relates with the charge transfer 
resistance 26. The PPy/S/KB showed a larger semicircle than the S/KB cathode. The 
relative low conductivity of the PPy layer leads to a larger charge transfer resistance in 
the cell. After pre-lithiation, the PPy/Li2S/KB cathode showed smaller semicircle which 
is almost close to the S/KB cathode. This result confirmed the facilitated charge transfer 
after the pre-lithiation process, leading to the high capacity at higher C-rates.  
2.3.3 Cathode performance dependence on PPy thickness 
As it is discussed in the last part, the ion-selective PPy layer performs a critical 
role in improving the cycling performance. Thus, it is important to study the 
PPy/Li2S/KB cathode with a controllable PPy thickness. Besides the PPy/Li2S/KB with 
no PPy layer, 0.5 PPy. The 0.5 PPy means the PPy layer was deposited with a total 
passing by charge amount of 0.5 C. The 1.0 PPy means the PPy layer was deposited 
with a total passing by charge amount of 1.0 C. Fig. 2.13 shows the SEM images of the 
PPy/S/KB cathode with different thickness of PPy layer. The thickness of the PPy layer 
is adjusted by the total charge amount during the oxidative electro polymerization 
process. With no passing by charge amount is called as the S/KB cathode. The normal 
product is prepared by controlling the passing by charge amount of 0.5 C cm-2. In 
addition, the PPy/S/KB cathode with a thicker PPy thickness is prepared by adjusting 
the passing by charge amount of 1.0 C cm-2. 
 
Fig. 2.13 SEM image of the PPy/S/KB cathode with different thickness of PPy layer. 
(a) Without PPy layer deposition. (b) PPy layer deposited with 0.5 C charge amount. 
(c) PPy layer deposited with 1.0 C charge amount. 
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Fig. 2.13 shows the surface morphology of the PPy/S/KB cathode, from Fig. 
2.13 a, it can be observed that the uniform distributed nanostructured S/KB composite 
with a diameter around 50 nm. In Fig. 2.13 b, with 0.5 C passing by charge amount for 
depositing PPy layer, it appears that the sub-micro structured PPy particles with a 
diameter around 600 nm. When the charge amount kept increasing to 1.0 C, according 
to the Faraday’s laws of electrolysis 27, the mass of the substance liberated in the 
electrode should be proportional to the total electric charge amount passing by.  From  
Fig. 2.13 c it is observed that the particle size of the deposited PPy was also increased 
to around 2 μm, which is more than twice size than the one deposited at 0.5 C. 
 
 
Fig. 2.14 CV curves obtained with a scan rate of 0.1 mV s-1 of the prepared 
PPy/Li2S/KB cathodes with different thickness of PPy layer. The 0.5 PPy means the 
PPy layer was deposited with a total passing by charge amount of 0.5 C cm-2. The 1.0 
PPy means the PPy layer was deposited with a total passing by charge amount of 1.0 C 
cm-2. 
 
Fig. 2.14 shows typical CV curves of the pre-lithiated cathode with a different 
thickness of PPy layer for the initial 4 cycles. In the 1st CV curve of the fabricated 
Li2S/KB cathode and Li2S/KB/PPy cathode showed in Figure 4b, the broad oxidation 
peak is totally in the range from 1.5V to 3.0V. As a comparison, the S/KB/PPy cathode 
without pre-lithiation showed no oxidation peak in the 1st anodic scan. Additionally, 
the Li2S usually shows a large over potential at almost 4V in the 1st charge process due 
to its poor conductivity. However, in the test, no over potential can be seen in the 1st 
cycle. In the cathodic scan, two reduction peaks in 1.9 V and 2.3 V were observed, 
which verified the two-step reduction from S to polysulfides and then from polysulfides 
to Li2S. In the following cycles, there is a little decrease of the oxidation peak. In 
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comparison, there is almost no peak intensity decrease of the cathode with a PPy layer, 
which implied the relative high capacity retention during cycling. The PPy/Li2S/KB 
cathode which has a 0.5 PPy layer shows a shoulder peak in the anodic scan, which 
indicates Li2S was first oxidized to various low order polysulfides and further oxidized 
to high order polysulfides, and finally to cyclo S8. This phenomenon can prove that the 
ion selective PPy contributed to the suppression of polysulfides diffusion. With a 
thicker layer of PPy which is called as 1.0 PPy, the oxidation peak becomes broader 
and does not show the shoulder peak. Additionally, with the increase of the PPy 
thickness, there is an increasing voltage hysteresis between oxidizing and reducing 
reaction and a decrease of peak intensity during scanning, which corresponds with the 
voltage hysteresis in charge discharge curves showed in Fig. 2.15 b. This indicates that 
the PPy film can increase the resistance in the battery because of its relative low 
conductivity. The thickness of PPy layer controlled by the amount of charge passed 
during electro deposition influenced the capacity performance of the Li2S cathode, as a 
result, appropriate PPy layer was chosen in this research with 0.5 C charge amount. 
 
Fig. 2.15 (a) Cycling performance at 0.1 C-rate. (b) Typical voltage profiles of the 
prepared PPy/Li2S/KB cathodes with different thickness of PPy layer. 
 
Fig. 2.15 a plots the cycling performance of the PPy/Li2S/KB cathodes with 
different thickness of PPy layer at 0.1 C-rate. It is observed that with a thicker PPy layer 
which is marked as 1.0 PPy, it delivers a lower capacity value than the 0.5 PPy and the 
0 PPy Li2S/KB cathode. From Fig. 2.15 b we can see the voltage profiles of the three 
typical PPy/Li2S/KB cathodes. It is noteworthy that the high dependence of voltage 
hysteresis (△V) on the PPy thickness. As it is known that the voltage hysteresis at a 
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same current density is largely influenced by the electronic conductivity of the cell. 
Although with thicker ion-selective PPy layer, the phenomenon of shuttle effect can be 
alleviated, it will decrease the electronic conductivity in the cell. The enlarged voltage 
hysteresis leads to a lower capacity value. 
2.3.4 Li metal free full cell 
In order to test the performance of the prepared Li2S cathode in full cell, two 
different graphite anode with areal capacity of 0.10 mAh cm-2 and 0.15 mAh cm-2 
respectively, have been employed to couple with the Li2S/KB cathode. The cycling 
performance of the two graphites’ half cell are illustrated in Supporting information 
7. The electrochemical process in the full cell during charge and discharge is as 
following: 
 
    Cathode: Li2S ↔ Li+ + S8 + e-                         Equation 2.4 
Anode: C +Li+ +e- ↔ LiC6                            Equation 2.5 
 
As discussed in chapter 1, the graphite anode is highly sensitive in the ether type 
electrolyte due to the co-intercalation of electrolyte and Li-ion into the graphite layer. 
As illustrated in Fig. 2.16 a, in the first lithiation process in the graphite half cell, the 
capacity is around 320 mAh g-1. While in the de-lithiation process, only 60 mAh g-1 
capacity can be obtained. Nearly no discharge plateau can be observed. In Fig. 2.16 b, 
stable charge discharge plateau can be confirmed in the glyme-based electrolyte, 
indicating the well remained graphite structure after the Li-ion intercalation. The charge 
curve marked by blue circle during the initial charge process indicates the formation of 
SEI layer.    
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Fig. 2.16 First and second charge discharge curve of the graphite half cell in the 
electrolyte of (a) DOL/DME (b) triglyme. 
 
The weight loading of S in S/KB cathode is 1mg cm-2 and the weight loading of 
C in anode is 3.6 mg cm-2. After been pre-lithiated into Li2S/KB cathode, it was paired 
with graphite anode to make the Li2S-G full cell. Fig. 2.17 a plots the cycling 
performance of the Li2S-G full cell at 0.1 C-rate, from which the low capacity 
performance (lower than 600 mAh g-1) is observed. Fig. 2.17 b illulstrates the initial 
charge discharge curve of the Li2S-G full cell, from which 50.9 % irreversible capacity 
loss in the initial charge discharge curve is observed. It is assumed that the huge 
capacity loss appeared in Li2S-C full cell can be attributed to the formation of SEI layer 
on graphite anode. In order to prove the assumption, the graphite anode which is cycled 
in the graphite half cell for five cycles was used to pair with the lithiated Li2S/KB 
cathode. The voltage profiles of the graphite half cell is shown in Fig. 2.17 c, from 
which the stable capacity performance has been obtained after the formation of SEI 
layer. The full cell paired by Li2S/KB cathode and cycled graphite anode is named as 
Li2S-GSEI full cell. The initial charge discharge curve plotted in Fig. 2.17 b shows only 
14.1% capacity loss, which is much lower than in the Li2S-G full cell. Although the 
discharge capacity in the initial cycle increased to more than 1000 mAh g-1, fast 
capacity fading is still existing. The capacity loss and fast capacity fading is considered 
to be originated from the dissolution of polysulfides. In order to suppress the dissolution 
of polysulfides, the ion-selective PPy layer is introduced in the Li2S-G full cell system. 
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Fig. 2.17 (a) cycling performance of the Li2S-G full cell at 0.1 C-rate. (b) Initial charge 
discharge curve of the Li2S-G full cell and Li2S-GSEI full cell at 0.02 C-rate. (c) The 
first five cycles of the graphite half cell to form a SEI layer on graphite anode. (d) 
Cycling performance of the Li2S-GSEI full cell at 0.1 C-rate. Copyright © 2018 
Elsevier B.V. All rights reserved. 
 
Fig. 2.18 illustrated the configuration of a Li metal free full battery paired by 
PPy/Li2S/KB cathode and graphite anode. Different like other approaches to alleviate 
shuttle effect like passivation the Li metal surface, which will not work in the Li metal 
free full S battery, the ion-selective PPy layer provides a solution to suppress the 
polysulfide dissolution from the cathode source. It is supposed that after applying the 
ion selective PPy layer in the full cell, there will be a predictable better result.  
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Fig. 2.18 Schematic diagram of the full cell coupled by fabricated Li2S-graphite full 
cell system by applying the ion-selective PPy on cathode surface. 
 
 
Fig. 2.19 (a) Cycling performance (b) Coulombic efficiency of the Li2S-graphite full 
cell system with different thickness of PPy layer at 0.1 C-rate. 
 
Different thickness of PPy layer have been applied in the Li2S-graphtie full cell 
system. Specifically, the thickness of PPy are adjusted by controlling the total charge 
amount for PPy deposition as 0.2 C, 0.5 C, 0.8 C and 1.0 C. The Li2S-graphtie full cells 
are assembled and cycled at 0.1 C-rate. Fig. 2.19 plots the capacity performance of the 
Li2S-graphtie full cell with different thickness of PPy. It is observed that the capacity 
performance can barely influenced by the PPy layer. The possible reason is that due to 
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extraordinary polysulfide dissolution suppression of the gylme base electrolyte, the PPy 
layer cannot help to improve the suppression of polysulfide any more. Unfortunately, 
the rather low conductivity of the PPy layer will increase the internal resistance for the 
charge transfer and ion diffusion. In addition, the thick physical barrier of PPy will not 
only prevent the permeation of polysulfide, it will also increase the resistance for the 
permeation of Li-ion. Fig. 2.19 b shows the Coulombic efficiency according to cycles, 
from which it can be observed that with increased PPy thickness, the efficiency 
decreased.  
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2.4 Summary 
In this study, Li2S/KB cathode has been successfully fabricated by a universal 
pre-lithiation process based on the S/KB cathode. By using the XRD and XPS analysis, 
it can be confirmed that the amourphous state S/KB composites have been fully lithiated 
into Li2S/KB composite with low crystallinity. However, the fully lithiated Li2S/KB 
cathode shows low capacity perforamcne which delivers only 800 mAh g-1 in the first 
cycle. It is discussed that the dissolution of polysulfide is the main reason which is 
responsible for the low capacity.  
After introducing the ion-selective PPy layer in the S/KB cathode, the lithiated 
PPy/Li2S/KB cathode exhibited 400 mAh g-1 higher capacity performance than the 
Li2S/KB cathode, which may be attributed by the suppressed dissolution of 
polysulfides. PPy/Li2S/KB cathode showed a rather stable cycling performance with a 
high capacity about 1000 mAh g-1 and a Columbic efficiency around 95% at 0.2 C. The 
introduction of Li ion in the cathode provide possibility to couple with Li metal free 
anode. The Li2S/KB graphite full cell lost almost half amount of capacity during the 
first charge discharge process, which is partially caused by the formation of SEI layer 
on graphite anode. The employment of PPy layer which can suppress polysulfide 
dissolution allows the flexibility of the electrolyte and anode in the full battery 
assembling. However, it is observed that the ion-selective PPy layer cannot improve 
the capacity performance and Coulombic efficiency in the Li2S-graphtie full cell 
system. It is possible caused by the difference in the electrolyte system between the half 
cell and full cell.  
In this chapter, a simple solid to solid contacting lithaition method has been used 
to make Li2S/KB cathode. Due to the direct contact between S/KB and Li metal, the 
continous oxidation and reduction reaction between the high-order and low-order 
polyslfides is the key issue that leads to a low lithaition depth. It is essentail to discover 
an optimized lithiation methods for making Li2S/KB cathode. 
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Chapter 3 Electrochemical lithiation 
method to lithaite S cathode 
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3.1 Introduction 
Different like the solid state lithiation process, electrochemical lithiation 
process shows facilitated ion diffusion for lithiation process. Galvanostatic (g-stat) 
discharge is the normal way used to do the lithiation process in the Li-S battery. It is 
widely accepted that the during g-stat lithiation, the solid S is first reduced to high order 
lithium polysulfides (Li2S8), and subsequently be reduced to lower order polysulfides 
(Li2S4) at a lower voltage. Finally, the Li2S4 will be reduced to solid state Li2S2 and 
Li2S. The high solubility of the polysulfide species (from Li2S8 to Li2S4) in the 
electrolyte leads to the loss of active material in cathode 1-3. In the meantime, the high 
order polysulfide species tend to travel to the Li anode and be reduced to low order 
polysulfide species. The low order polysulfides may travel back to cathode, leading to 
the notorious shuttle effect. The poor cyclability and the inactivation of the Li anode 
are the main issues arising from the shuttle effect. Till now, various efforts have been 
exerted on confining the dissolution of polysulfides, such as designing different host 
materials for S cathode 5, 6, 18, 20, optimization of the electrolyte 4-7 and chemical 
modification of the cathode material 8-12. These methods have made a difference in 
improving the cycling performance due to the confined dissolution of polysulfides. 
However, the usage of Li metal remains a big issue for application of S battery. 
Aiming at conquering the safety issue in Li-S battery, I proposed the 
potentiostatic (p-stat) lithiation method to pre-lithiate the S cathode into Li2Sx cathode. 
In order to promote the industrial scale fabrication of Li2Sx cathode, the beaker cell 
which contains a large amount of electrolyte (5 mL glyme-based electrolyte) is used to 
analysis the pre-lithiation process. As it is well known that, the increased amount of 
electrolyte will cause more serious dissolution of polysulfides. By using the g-stat 
lithiation process, tremendous dissolution of polysulfides can be observed. Under this 
circumstance, the p-stat lithiation method has been raised. By applying the constant 
potential, less polysulfide can be detected in the lithiation bath. Different like the step 
by step transformation of polysulfides during the g-stat lithiation, it is observed that 
instant nucleation of solid state Li2S or Li2S2 occurs under a low applied potential. 
Furthermore, the pre-lithiated Li2Sx cathode has been successfully paired with graphite 
anode, which is metallic Li free to make the full cell with stable cyclability and high 
safety.  
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3.2 Experimental  
3.2.1  Preparation 
Preparation of S cathode  
The fabrication of S/KB cathode is made through the heat-melt infusion process. 
Firstly, the 50 wt.% S (Sigma-Aldrich) was milling with 50 wt.% Ketjenblack (KB, 
LION SPECIALTY CHMICALS) in a granulator (Balance Gran, AKIRAKIKO). Then 
the S and KB were mixed and heated at 155oC in an argon (Ar) atmosphere for 12 hours 
to let S melted with KB. Then the S/KB composite was cooled at room temperature 
until 25oC. The S/KB slurry was made by mixing the S/KB composite with 
polyvinylpyrrolidone (PVP) binder (Sigma-Aldrich Chemistry) and KB with a weight 
ratio of 9:0.5:0.5 in N-methylpyrrolidone (NMP, KANTO CHEMICAl). In order to 
prepare the S/KB composite cathode, the slurry was coated on Al foil by a doctor blade 
method and dried for 12 h in a dry atmosphere (at a dew point below -40 ℃, RT). The 
S/KB cathode used to make the Li metal free full cell was prepared by mixing S, KB 
and polyvinylidene difluoride (PVdF, Sigma-Aldrich Chemistry) with a weight ratio of 
7:2:1. The graphite anode was prepared by mixing graphite, acetylene black (AB, 
DENKA BLACK) and PVdF with a weight ratio of 90:5:5 in NMP in the granulator. 
Then the slurry was coated on the copper foil and then dried in a dry atmosphere (at the 
dew point below -40 ℃, RT). 
3.2.2 Lithiation process 
The lithiation equipment is illustrated in the Fig. 3.1, in which the Li metal is 
used as the counter electrode, the Li metal in an isolate glass tube filled with the glyme-
based electrolyte is used as the reference electrode. The S/KB cathode is used as the 
working electrode. The electrolyte is composed of lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI, Kishida Chemical) in triglyme (Wako 
Chemicals) with a molar ratio of 1:1. The p-stat lithiation is conducted by applying an 
outer potential of 1.5 V, 1.0 V and 0.8 V respectively. The cutoff capacity is 1700 mAh 
g-1. The g-stat lithiation is conducted by applying the constant current with a density of 
0.03 C (1C= 1675 mAh g-1). 
 
66 
 
  
Fig. 3.1 Schematic diagram for the beaker cell used in potentiostatic pre-lithiation. 
 
3.2.3 Characterization 
Scanning electron microscopy (SEM) images were obtained by field emission 
SEM (SEM, S-4500S, Hitachi). The crystalline structure of the cathode was obtained 
by X-ray diffraction (XRD, Rigaku, RINT-Ultima Ⅲ) with the protection of a Kapton 
tape. The composite of the cathode was characterized by means of field emission 
scanning electron microscopy with an energy dispersive X-ray analyzer (SEM-EDX, 
Hitachi, S-4800) and X-ray photoelectron spectroscopy (XPS, JEOL, JPS-9010TR). 
The Ultraviolet–visible spectroscopy (UV-vis) analysis was taken by Jasco V-660. 
3.2.4 Electrochemical measurement 
The electrochemical measurements were conducted by coin type 2032 cells 
assembled in an Ar filled glove box. The electrolyte used for half cell is made by 
dissolving 1.0 M LITFSI in dioxolane (DOL, Wako Chemicals)/Dimethoxyethane 
(DME, Wako Chemicals) (1:1 vol. ratio) with 1% addition of lithium nitrate (LiNO3, 
Wako Chemicals). 25 μm thick polypropylene porous film was used as the separator. 
The electrolyte used for making the Li metal full cell was fabricated by mixing LiTFSI 
and triglyme with a molar ratio of 1:1 13. The galvanostatic charge discharge tests were 
conducted at different C-rates (0.1 C, 0.2 C, 0.5 C, 1.0 C, 1C = 1675 mAh g-1) using a 
charge discharge system (TOSCAT-3100, Toyo system) between 1.0 V and 3.3 V after 
an activation cycle at 0.02 C-rate. Toyo system Cyclic voltammetry (CV) with a scan 
rate of 0.2 mV s-1 was conducted using electrochemical measurement equipment (HZ-
5000, Hokuto Denko).  
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3.3 Results and Discussions 
3.3.1 Theoretical foundation for the p-stat lithiation method 
In order to confirm the reduction potential of the S/KB cathode in the glyme 
based electrolyte, the cyclic voltammogram (CV) analysis was carried out shown in 
Fig. 3.2. From  Fig. 3.2, a weak reduction peak at 2.1 V indicates the transform from 
S8 to S82- can be observed. The strong reduction peaks appear from 1.5 V to 0.8 V. As 
comparison, pure KB electrode in the glyme-based electrolyte delivers no reduction 
reaction peak in Figure S1. The capacity originated from KB in the S/KB cathode can 
be negligible. According to the CV curve of the S/KB cathode in the glyme-based 
electrolyte, it can be learned that the main reduction reaction of the S species taken 
place in the range from 0.8 V to 1.5 V. I chose three typical reduction potentials at 1.5 
V, 1.0 V and 0.8 V for applying the p-stat lithiation without applying any g-stat 
lithiation process.  
 
Fig. 3.2 CV curves of the SKB cathode and the pure KB in the glyme-based electrolyte 
at a scan rate of 0.2 mV s-1. 
 
In the normal galvanostatic lithiation process taken place in beaker cell and 
coin cell are illustrated in Fig. 3.4a, the step by step potential transformation can be 
observed clearly in the lithiation curve in a coin cell. The high order polysulfide (Li2S8) 
is formed at around 2.1 V. In the coin cell, the flat plateau at 2.0 V is contributed by the 
reduction from Li2S8 to lower order polysulfide (Li2S4). It is noteworthy that a voltage 
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drop can be observed following a lithiaition plateau at 1.8 V, which is caused by the 
transformation from Li2S4 to Li2S2. According to the classical electrochemical 
nucleation theory, it is well known that a certain value of free energy barrier has to be 
overcome to form a nucleation. The Gibbs energy (△Gn) for forming spherical nuclei 
can be written as:    
    △Gn=-4/3 πr3△GV + 4πr2 γ                            Equation 3.1 
In which △GV is the free energy change per volume of the nuclei and γ is the 
surface free energy of the nuclei-electrolyte interface. While △GV is highly related to 
the overpotential η: 
△GV = F〡η〡/Vm                                  Equation 3.2 
In which the Vm is the molar volume of S. From Equation 3.1 and Equation 3.2 
it can be concluded that with a higher overpotential, lower nucleation free energy can 
be obtained. In other words, with higher overpotential, lower energy barrier for 
nucleation. 
 
 
Fig. 3.3 The lithiation curve obtained by the g-stat lithiation method with a current 
density of 50 mA g-1 (a) in coin cell, (b) in beaker cell.  
 
In electrochemical nucleation, the overpotential is a main driving force for the 
nucleation of solid product. In the enlarged curved shown in Fig. 3.3 a, the overpotential 
dip can be assigned as the nucleation overpotential (ηn), which indicates the generate 
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of nuclei seeds. The following potential plateau offers a driving force ηg for nucleation 
growth. However, the lithiation curve obtained in the beaker cell shown in Fig. 3.3 b, 
the flat plateau at 2.0 V disappeared. No overpotential dip can be observed and the 
plateau at 1.8 V keeps gradually decreasing. It can be deduced that nucleation of Li2S 
can barely formed in the beaker cell. The increasing overpotential indicates the 
reduction of high order polysulfides to low order polysulfides without the constant 
growth of nucleation.   
 
 
Fig. 3.4 (a) The time dependence current density; (b) The time dependence potential 
under different potential during potentiostatic lithiation.  
 
From the time dependence current curve in Fig. 3.4 a, the instant decrease of 
the current density as applied the overpotential at 1.0 V and 0.8 V. Subsequently a small 
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current peak appears at around 80 s. This characteristic shape is reported as a signal of 
the nucleation of solid products 14, 15. The potential is controlled constantly at 0.8 V, 1.0 
V and 1.5 V respectively (Fig. 3.4 b). Specifically, part of the solid state Li2S or Li2S2 
is supposed to be nucleated instantly without formation of polysulfide species.  
3.3.2 Influence of applied potential in p-stat lithiation 
Fig. 3.5 shows the capacity dependence lithiation curve at different applying 
potential. The nucleation peak appeared at around 130 mAh g-1 can be observed at the 
potential of 0.8 V and 1.0 V p-stat lithiation process, indicating the nucleation of solid 
state Li2S or Li2S2. However, by applying 1.5 V, the weak characterization peak for 
nucleation appears until around 600 mAh g-1 (around 3500 s). It can be induced that at 
1.5 V, it tends to be more difficult for solid state Li2S nucleation.  
 
 
Fig. 3.5 The lithiation curves obtained by p-stat lithiation at 0.8 V, 1.0 V and 1.5 V, 
respectively. The inset s the enlarged part at 1.5 V p-stat lithiation. 
 
Fig. 3.6 a shows the S2p XPS spectra of the S cathodes after p-stat pre-lithiation 
at constant potential of 0.8 V, 1.0 V and 1.5 V respectively, from which the peaks at 
different binding energy can be observed. The peak at 160.9 eV with its satellite peak 
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at 162.1 eV is assigned to Li2S, while the peak at 162.2 eV with its satellite peak at 
162.4 eV is originated from Li2S216-18. In the S2p spectra in the Li2S fabricated under 
p-stat 1.5 V, the peak at 163.7 eV which is assigned to the S substance shows nearly 
half amount of the peak area. In the cathode prepared at p-stat 1.0 V, a smaller amount 
ratio of the S peak at 163.7 eV can be observed. In the Li2S cathode prepared at a lower 
potential of 0.8 V, no peak assigned to the S substance can be found, indicating the total 
reduction of S by p-stat pre-lithaition at 0.8 V. The peaks higher than 164.0 eV are 
assigned to the SO32- formed due to the oxidation of the lithium sulfide species. The S 
atom ratios in different S compositions are calculated by using the empirical atomic 
sensitivity factors method19. Table 1 compares the calculated S atom ratios in the 
different Li2S cathodes. Li2S cathode fabricated under p-stat 0.8 V shows a highest S 
ratio of Li2Sx and no existence of S, indicating the sufficient transformation of S into 
Li2Sx during the p-stat lithiation at 0.8 V. Fig. 3.6b compares the cycling performance 
of the Li2Sx cathode prepared at different potential, from which the best capacity 
performance of the Li2Sx cathode lithiated by p-stat 0.8 V can be confirmed. The 
optimized potential value 0.8 V is picked out for the further study in this work. 
 
Fig. 3.6 (a) S2p XPS spectra (b) Cycling performance of the Li2Sx cathode prepared by 
p-stat pre-lithiation at various potential.  
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Fig. 3.7 CV curves of the Li2Sx cathodes prepared by the p-stat lithiation method 
under different potential. 
 
In order to understand the oxidation peaks at different voltage, I analyzed the 
CV curve of the Li2Sx cathodes which are prepared under different potential shown in 
Fig. 3.7. Two clearly oxidation peaks can be observed in the Li2Sx cathodes prepared 
at various lithiation potentials. The Li2Sx cathode prepared by p-stat lithiation at 0.8 V 
shows much higher oxidation peaks than that of at 1.0 V and 1.5 V. It can be assumed 
that the two oxidation peaks at 2.5 V and 2.7 V are contributed by the effectively 
controlled step-by-step transformation from Li2S (or Li2S2) to Li2S4, from Li2S4 to 
Li2S8. In the CV curves of Li2Sx cathode prepared by the g-stat lithiation method, the 
serious of shuttle effect leads to the ambiguous oxidation peak. 
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Table 3.1 The S atom ratio of according to different sulfide compositions of the Li2S 
cathodes prepared by the g-stat pre-lithiation method and p-stat pre-lithiation method 
at different applied potential. 
 
3.3.3 Comparison of the p-stat lithiation and the g-stat lithiation methods 
In order to emphasize the advantage of the p-stat lithiation process over the g-
stat lithiation method, the UV-vis analysis was taken to characterize the electrolyte in 
lithiation bath after the p-stat and g-stat lithiation process. In Fig. 3.8 a, the g-stat 
lithiation electrolyte shows much stronger absorption peaks in ranges from 250 nm to 
300 nm and from 310 nm to 360 nm obtained than the peaks obtained from the p-stat 
electrolyte. The peak located at 260 nm together with a weaker peak at 338 nm are 
assigned to the contribution of S62- as reported 20, 21. The peak at 280 nm is contributed 
by the higher order polysulfide, S82- 21. It can be confirmed that during the g-stat 
lithiation process, tremendous amount of polysulfides dissolved in the electrolyte, while 
in the p-stat lithiation process, the polysulfide dissolution has been largely suppressed. 
According to the discussion before, it is because that in p-stat lithiation, instant 
nucleation of solid Li2S and Li2S2 occurs instead of the step-by-step transformation 
from the high order polysulfides. Fig. 3.8b illustrates the S2p XPS curves of the original 
S/KB cathode, from which the huge peak assigned to S substance can be observed at 
Sample 
conditions 
Li2S 
(at.%) 
 160.9 
eV 
Li2S2 
(at.%) 
162.2 eV 
S (at.%) 
163.7 eV 
SO32- 
(at.%)  
164.3 eV 
p-stat 0.8V  38.4 52.2 0 9.4 
p-stat 1.0 V 26.2 52.1 16.9 6.8 
p-stat 1.5 V 26.9 30.1 42.9 0 
g-stat 25.2 31.0 43.8 0 
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163.7 eV. By calculating the atom ratio, the results exhibited in Table1 shows that by 
the g-stat lithiation method, 43.8% S atoms remain as S substance. It is caused by the 
serious polysulfide dissolution and the continuous shuttle effect during g-stat lithiation. 
By applying the p-stat lithiation, 100 % S has been reduced to solid state Li2S and Li2S2.  
 
Fig. 3.8 (a) UV-vis spectra of the electrolyte which are collected after the g-stat pre-
lithiation and p-stat pre-lithiation respectively. (b) S2p XPS spectra of the original S/KB 
cathode, the Li2Sx prepared by g-stat lithiation and p-stat lithiation. 
 
Fig. 3.9 provides the electrochemical reaction information of the Li2Sx cathode 
in the initial cycle. As it is known that due to the low electronic and ionic conductivity 
of Li2S, the Li2S cathode usually delivers a high charge potential (>3.9 V) in the initial 
cycle 22, 23. The Li2Sx cathode prepared by g-stat lithiation shows only one anodic peak 
at 2.7 V, while the Li2Sx cathode prepared by p-stat lithiation shows two separate peaks 
at 2.5 V and 2.7 V. Although these anodic peaks are little higher than the original S/KB 
cathode in the initial cycle, they are much lower than the normal Li2S cathode reported 
24-26. The low initial voltage barrier indicates the well conductivity in the prepared Li2Sx 
cathode either by electrochemical lithiation. In the second circle, there are two 
separated anodic peaks can be observed in the p-stat lithaited Li2Sx cathode in in Fig. 
3.9 a. As it is discussed before 11, the separated anodic peaks are originated from the 
well-controlled step by step transformation of polysulfide species. However, in the CV 
curve of the g-stat lithaited Li2Sx cathode shown in Fig. 3.9 b shows only one short 
anodic peak, indicating the poor lithiation depth. 
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Fig. 3.9 (a) CV curves of the fabricated Li2Sx cathode prepared by (a) p-stat pre-
lithiation (b) g-stat pre-lithiation with a scan rate of 0.2 mV s-1. 
 
Fig. 3.10 a shows the initial voltage profile of the Li2Sx cathodes prepared by g-
stat and p-stat pre-lithiation respectively. The Li2Sx cathode lithiated by p-stat method 
shows 1239 mAh g-1 capacity in the first charge. In the first discharge, the capacity of 
the Li2Sx cathode lithiated by p-stat decreases to 836 mAh g-1, leading to a low 
efficiency of 67.0 %. The capacity loss in the first charge discharge process is caused 
by the polysulfide dissolution. The Li2Sx cathode lithiated by g-stat delivers only 478 
mAh g-1 capacity in the initial charge due to the low amount of the lithiated S. The 
charge discharge efficiency of the g-stat cathode is 74.0%, which is higher than the p-
stat cathode. This phenomenon can prove the existence of S in the g-stat lithiated 
cathode. The remained S is reduced to Li2S in the first discharge, causing a higher 
discharge capacity than usual. The low charge capacity of the Li2Sx cathode by g-stat 
lithiation only delivers 472 mAh g-1 capacity, manifesting the low ratio of lithiated S. 
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Fig. 3.10 (a) The initial charge discharge curve of the Li2Sx cathode prepared by g-stat 
and p-stat pre-lithiation method at 0.1 C-rate. (b) Cycling performance of the fabricated 
Li2Sx cathode by g-stat pre-lithiation, p-stat pre-lithiation and the original S/KB cathode 
at 0.2 C-rate.  
 
Fig. 3.10 b compares the cycling performance of the Li2Sx cathode prepared by 
g-stat and p-stat lithiation methods at 0.2 C-rate. It can be observed that the Li2Sx 
cathode prepared by p-stat lithiation delivers nearly 400 mAh g-1 (based on the amount 
of S in original S/KB cathode) of specific capacity higher than that of the Li2Sx cathode 
prepared by g-stat lithiation. The high capacity performance of the Li2Sx cathode 
prepared by p-stat lithiation is contributed by the high atom ratio of Li2S and Li2S2 in 
the cathode. The capacity of the Li2Sx cathode prepared by p-stat lithiation is a little 
lower than that of the original S/KB cathode, which is caused by the existence of Li2S2. 
With a same amount of S atom, Li2S2 delivers half amount of specific capacity than that 
of Li2S according to the reaction: 0.5 S22- → S + e-.  
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Fig. 3.11 (a) XRD pattern of Li2Sx cathode prepared by p-stat lithiation and the original 
S/KB cathode. (b) EDS pattern obtained on the Li2Sx cathode prepared by p-stat 
lithiation. SEM images of (c) the original S/KB cathode, (d) the Li2Sx cathode after p-
stat lithiation. 
 
XRD pattern shown in Fig. 3.11a compares the crystallinity information of the 
original S/KB cathode and the Li2Sx cathode prepared by the p-stat lithiation method. 
The multiple peaks in the original S/KB are assigned to the polycrystalline S substance. 
After the p-stat lithiation process, the peaks assigned to S substance disappeared, which 
can be easily verified by observing the typical peak at 23o. The blue arrows point the 
typical Li2S peaks assigned to the (111) plane at 26 o, (200) plane at 31o, (220) plane at 
44o and (311) plane at 53o. The small peaks at 30o and 31o are supposed to be 
contributed by the Li2S2. From the EDS pattern of the p-stat lithiated Li2Sx cathode 
shown in Fig. 3.11b, the peaks assigned to C, O, S and Al can be observed. Combining 
with the XRD result of the lithiated cathode, the lithiation product can be further 
confirmed. Fig. 3.11c and Fig. 3.11d display the surface morphology of the S/KB 
cathode and the Li2Sx cathode prepared by p-stat lithiation. The S/KB cathode shows 
uniform distributed nanoparticles with a diameter around 50 nm. After the PS lithiation, 
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the particle size of Li2Sx expands to twice of the S/KB particles shown in Fig. 3.11d.  
 
 
Fig. 3.12 (a) Cycling performance of the S cathode after p-stat lithiation, pairing with 
the graphite anode at 0.2 C-rate. (b) Initial charge discharge curve of the S graphite full 
cell. 
 
This p-stat lithiation method can not only suppress the formation of 
polysulfides, it can also be used to pre-lithiate the S cathode to make Li metal free 
battery. The Li2Sx cathode prepared by p-stat lithiation was paired with the graphite 
anode. The cycling performance of the full cell at 0.2 C-rate is illustrated in Fig. 3.12 
a. Fig. 3.12 b shows the initial charge discharge curve of the full cell, from which the 
high charge capacity of 1147 mAh g-1 can be observed. However, the 1st discharge 
capacity decreased to 550 mAh g-1, which is caused by the formation of the solid 
electrolyte interphase on graphite anode11. It is able to deliver stable cycling 
performance in tens of cycles. The realization of the Li metal free full cell helps to 
demonstrate the possible application of the p-stat lithiation method. 
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3.4 Summary 
In summary, the Li2Sx cathode has been successfully prepared by using the 
innovative p-stat lithiation method. It is found that by applying an appropriate potential 
0.8 V, the S can be reduced to solid state Li2S or Li2S2 easily with the suppressed 
dissolution of polysulfides. The dissolution of the polysulfide in electrolyte is a main 
problem in S cathode which leads to sever active material loss during lithiation process. 
Different like the traditional way to alleviate the dissolution of polysulfide by trapping 
the polysulfides in cathode, the p-stat lithiation method tend to reduce S into solid state 
Li2S or Li2S2 easily. As a result, dissolution of polysulfide species could be kinetically 
suppressed. The p-stat lithiated Li2Sx cathode exhibits higher capacity performance 
(around 400 mAh g-1) than the galvanostatic (g-stat) lithiated Li2Sx cathode.The 
products prepared by p-stat lithiation composed of 38.4% Li2S, 52.2% Li2S2. It shows 
a completely transformation of S in the cathode, while in the Li2Sx cathode prepared by 
the normal g-stat lithiation, a high ratio of 43.8% S residue can be confirmed. The Li2Sx 
cathode prepared by p-stat method delivers a higher capacity retention then the original 
S/KB cathode due to the well suppression of polysulfides formation in the initial 
lithiation process. The pre-lithaited Li2Sx cathode by p-stat lithiation has been used to 
pair with the Li metal free anode, graphite to make the Li metal free full battery. The 
high initial charge capacity of 1147 mAh g-1 with a rather stable cycling performance 
can be achieved. 
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Chapter 4 Fabrication of Li2S cathode 
using the organolithium reagent 
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4.1 Introduction 
In this study, a fabrication method of Li2S mesoporous carbon composite 
cathode at room temperature on a 3D nanostructured multi-wall carbon nano tubes 
(CNT) support is reported. The reaction occurs on the sulfur mesoporous carbon 
(Ketjenblack, KB) composite cathode, the amorphous state sulfur can be reduced to 
Li2S directly by dropping lithium naphthalenide (Li+Naph-). The 3D nanostructured 
CNT layer provides more diffusion path for Li+Naph- to react completely with S at 
room temperature. The electrochemical performance of the fabricated Li2S/KB 
composite cathode on CNT (Li2S/KB/CNT) was analyzed to demonstrate the 
outstanding cycling behavior at different C-rates. 
As it is known that the organolithium reagent can be used to reduce sulfur into 
Li2S micro-nano particles, the high temperature carbonization or chemical vapor 
deposition (CVD) treatment always be conducted on the particle to gain a better sulfur 
species confinement and better conductivity.1, 2 Low active material weight ratio can be 
obtained in the fabricated Li2S composite cathode (< 60%) due to the high ratio of 
binder and carbon material. Herein, a new approach is reported to fabricate Li2S@KB 
composite material for making Li2S cathode with considerable energy density. The 
thermo-dynamically spontaneous reaction between sulfur and Li+Naph- is taken place 
with the existence of KB. In this case, fabricated ultra-thin Li2S particles can anchor in 
nanoporous KB, contributing to a facilitated electronic and ionic conductivity. The 
hydroxylated nano porous structured KB contributes its excellent capability of 
polysulfide absorption during electrochemical process. It is noteworthy that the 
fabricated Li2S@KB composite can be coated on any surface compatible substrate 
without using binder or extra carbon material. The high Li2S ratio of 83% makes 
contributions to the high energy density of the Li2S@KB cathode. 
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4.2 Experimental 
4.2.1  Preparation 
Preparation of S/KB composite cathode  
The fabrication of S/KB cathode is made through the heat-melt infusion process. 
Firstly, the 50 wt.% S (Sigma-Aldrich) was milling with 50 wt.% Ketjenblack (KB, 
LION SPECIALTY CHMICALS) in a granulator (Balance Gran, AKIRAKIKO). Then 
the S and KB were mixed and heated at 155oC in an argon (Ar) atmosphere for 12 hours 
to let S melted with KB. Then the S/KB composite particles were cooled at room 
temperature until 25oC. The S/KB slurry was made by mixing S/KB composite with 
polyvinylidene difluoride (PVdF, Sigma-Aldrich) as binder with a weight ratio of 9:1. 
The N-methylpyrrolidone (NMP, KANTO CHEMICAl) was used as solvent to make 
slurry. After be well mixed, the S/KB slurry was coated on the Al foil by a doctor blade. 
The coated cathode was naturally dried in dry atmosphere (dew point below -40oC, RT) 
for 12 hours. 
Electrophoretic deposition of CNT 
The CNT/Al substrate was fabricated by electrophoretic deposition. The 
purchased CNTs (NC7000, multi-walled) shows around 10 nm diameter. The CNTs 
were pre-treated by immersing in H2SO4 (purity of 96.0%)/ HNO3 (purity of 
60.0%) mixed acid with a volume ratio of 3:1. After 4 hours continuously ultrasonic 
vibration at 45 °C , the CNTs were washed by deionized water to reach pH 7. Then the 
treated CNTs were dried in a vacuumed oven at 80 °C for 4 h. The oxidized CNTs 
(0.05 mg ml-1) and cobalt dichloride (CoCl2) were sonicated in isopropyl alcohol (IPA) 
for 30 min separately and followed sonicated together for 30 min again. The two 
electrodes deposition bath is composed of a paralleled placed Al substrate with an 
exposing area of 1×1 cm-2 and a Pt foil with an exposing area of 2×1  cm-2 with a gap of 
0.7 cm. The CNTs and CoCl2 suspension are filled in a glass cell as the deposition bath. 
The electrophoretic deposition of CNT process was conducted by providing -120 V for 
5 min contantly. After that, prepared CNTs/Al substrate was rinsed and cleaned several 
times to remove the impurities on the surface. Finally, the prepared CNT/Al substrate 
was dried at room temperature for 12 hours. 
Fabrication of Li+Naph- solution 
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As Li metal and Li2S are both sensitive to air and moisture, all the following 
synthesis work was carried out in an argon filled glove box with a moisture content 
below 0.1 ppm and oxygen levels below 5 ppm. The Li+Naph- was prepared by mixing 
equal mol amount of Li metal and naphthalene (Naph) in tetrahydrofuran (THF) to 
fabricate 1 mol/L Li+Naph- solution. After stirring for 3 hours at room temperature, the 
solution turned into dark green, indicating the totally fabrication of Li+Naph- in THF 3.  
Preparation of Li2S@KB 
The Li+Naph- was prepared by mixing equal mol amount of Li metal and Naph 
in tetrahydrofuran (THF) to fabricate 1 mol/L Li+Naph- solution. After stirring for 2 
hours at room temperature, a certain amount of KB was added into the Li+Naph- 
solution. After 30 min stirring and 30 min ultrasonic concussion, the dissolved S in 
toluene was dropped into the Li+Naph-/KB suspension. After 1 hour stirring, the 
Li2S@KB suspension was coated on the carbon paper or carbon coated Al foil. The 
experiment was conducted in a dry atmosphere (at the dew point of below -40 oC, RT). 
The Li2S@KB cathode was dried by vacuuming at room temperature. The Li2S 
particles are obtained by centrifuging, rinsing and drying. Then the Li2S particles are 
mixed with polyvinylpyrrolidone (PVP) and KB in N-methylpyrrolidone (NMP) with 
the weight ratio of 60:20:10 to fabricate the LSp-KB cathode. All of the reagents are 
purchased in Sigma-Aldrich. 
Fabrication of Li2S cathode 
The 1M Li+Naph- THF solution was dropped on S/KB cathode. The volume 
amount of the Li+Naph- was carefully calculated to control the mol ratio of Li+Naph-:S 
is 2:1. After 10 min reaction, the cathode was rinsed by THF solution to remove the 
residues of reagents. Then the sample was dried in the glovebox for 20 min.  
4.2.2 Characterization 
Scanning electron microscopy (SEM) images were obtained by field emission 
SEM (FE-SEM, S-4500S, Hitachi). The X-ray diffraction (XRD) pattern was obtained 
by RINT-Ultima Ⅲ with the protection of a Kapton tape. The composite of the cathode 
was characterized by means of field emission scanning electron microscopy with an 
energy dispersive X-ray analyser (FESEM-EDX, Hitachi, S-4800) and X-ray 
photoelectron spectroscopy (XPS, JEOL, JPS-9010TR).  
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4.2.3 Electrochemical measurement 
Coin type 2032 cells were assembled in an Ar filled glove box. The electrolyte 
was composed of 1.0 M LiTFSI in DOL/ DME (1:1 vol. ratio) with 1% lithium nitrate 
(LiNO3) as addictive. 25 μm thick polypropylene porous film as the separator, Li metal 
foil as the anode. The galvanostatic charge discharge tests were conducted using a 
charge discharge system (TOSCAT-3100, Toyo system) at different C-rates between 
1.8 and 2.6 V. Cyclic voltammetry (CV) with a scan rate of 0.1 mV s-1 was conducted 
using electrochemical measurement equipment (HZ-5000, Hokuto Denko).  
4.3 Results and Discussion 
4.3.1 On-site lithiation of Li2S cathode 
 
Fig. 4.1 (a) Schematic diagram of the fabrication process of Li2S/KB/CNT electrode. 
SEM image of the surface on (b) CNT layer on Al foil (CNT/Al), (c) S/KB composite 
on CNT/Al substrate (S/KB/CNT), (d) Li2S/KB/CNT electrode fabricated by chemical 
reaction. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
Lithium naphthalenide (Li+Naph-), with a two conjugate benzene rings is a 
relative moderate organolithium reducing reagent 4. It is innovatively employed to react 
with sulfur cathode to fabricate Li2S cathode by a simple drop process. The overall 
reaction is supposed to be: 
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2Li+Naph- + S  Li2S + 2Naph             Equation 4.1 
 
Fig. 4.1 a illustrates the fabrication method of the Li2S/KB/CNT cathode. At 
first, the CNT layer was deposited on Al foil by electrophoretic deposition5. The 
morphology of the deposited highly porous 3D nanostructured multi-wall CNT with a 
diameter about 23 nm is showed in Fig. 4.1b. The deposited CNT layer is around 6 μm 
thickness，calculated by the cross-section SEM image of CNT on Al foil. After the 
CNT/Al sheet was dried for few days, the S/KB composite slurry was coated on the 
CNT layer by using a doctor blade. After drying for one day, the surface morphology 
is observed by SEM showed in Fig. 4.1c. The S/KB nanoparticles with a diameter of 
50 nm can be observed by SEM analysis after totally dried showing in Fig. 4.1c. The 
sample is denoted as S/KB/CNT. The S/KB/CNT cathode was cut into a 1cm2 square 
plate. Then the fabricated Li+Naph- solution with 1M concentration was dropped on the 
S/KB/CNT electrode. After 10 min reaction, the electrode was rinsed by THF solution 
to remove the side products. After dried in glovebox for few hours, the fabricated 
Li2S/KB/CNT electrode was analyzed by SEM test. The surface showed smooth 
morphology, from which the S/KB nanoparticles still can be distinguished. This 
indicates the fabricated Li2S/KB/CNT cathode still keeps the structure of S/KB 
nanocomposites.  
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Fig. 4.2 (a) XRD pattern of the Li2S particles fabricated by chemical reaction. (b) EDX 
mapping of the oxygen, carbon and sulfur elements on Li2S/KB/CNT electrode 
fabricated by chemical reaction. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
In order to affirm the reaction products between Li+Naph- and sulfur. XRD has 
been used to test the S/KB/CNT cathode before and after lithiation. However, since the 
sulfur exist in S/KB composite as amorphous state, no crystalline peaks related to sulfur 
can be observed in the S/KB cathode6. Under this circumstance, I designed chemical 
reaction experiment by adding sulfur powder into Li+Naph- THF solution to verify the 
reaction product. After reaction, the product in the THF solution was centrifuged and 
dried under vacuuming overnight. The XRD pattern of the product is showed in Fig. 
4.2a, in which the peaks assigned to the (111), (200), (220) and (311) plan of Li2S can 
be clearly observed. Fig. 4.2b exhibits the EDX mapping off the Li2S/KB/CNT 
electrode obtained by chemical fabrication. From the element mapping of sulfur and 
carbon, the uniform distribution of Li2S/KB composite on the cathode can be 
confirmed.  
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Table 4.1 The S atom ratio of according to different sulfide compositions of the 
Li2S/KB/CNT electrode and the Li2S/KB/C electrode prepared by the chemical reaction 
with Li+Naph- at room temperature. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
sample 
S (at.%) 
164.1 eV 
Li2Sx (at.%) 
161.9~162.5 eV 
Li2S (at.%) 
160.5 eV 
Li2S/KB/CNT 0 16.2 83.8 
Li2S/KB/C 15.2 39.6 45.2 
 
 
Fig. 4.3 XPS spectra of S2p obtained on the (a) Li2S/KB/CNT electrode fabricated by 
the chemical reaction with Li+Naph- at room temperature, (b) Li2S/KB/C electrode 
fabricated by the chemical reaction with Li+Naph- at room temperature, (c) S/KB/CNT 
electrode. Copyright © 2017 Elsevier B.V. All rights reserved. 
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To identify the product in the S/KB electrodes after chemical reaction with 
Li+Naph- at room temperature, the electrode of Li2S/KB/CNT and Li2S/KB/C were 
analyzed by XPS. Figure 3 presents the S 2p peaks which split to S 2p3/2 and S 2p1/2 
dual peaks with an area ratio around 2:1 causing by spin-orbit splitting. The lone dual 
peaks at high binding energies (167.1 eV) appeared in Figure 3a and Figure 3b is 
attributed to the sulfonate7, 8 formed by the sulfonation reaction between Li2S and trace 
amount of oxygen and water in the glovebox during the long time storage after 
fabrication. The S 2p3/2 peaks located at the low binding energy region (160 ~ 164 eV) 
are assigned to sulfides 9. There are two pairs of S 2p3/2 and S 2p1/2 dual peaks in the 
low binding energy region both in the Li2S/KB/CNT sample (Figure 3a) and Li2S/KB/C 
sample (Figure 3b). Both of them exhibit the peak centered at 160.5 eV. With referring 
to the XRD results in Figure 2b, it can be confirmed that the peak located at 160.5 eV 
comes from the Li2S9, 10. The peak located at 162.5 eV (Li2S/KB/CNT) and the peak at 
161.9 eV (Li2S/KB/C) can be assigned to Li2Sx (2< x < 8)9, which is partly reduced 
compounds of S. The peak located at 164.1 eV which is attributed to sulfur substance 
in the Li2S/KB/C sample can be observed. It is at the same position with the S 2p3/2 
peak in S/KB electrode (Figure 3c). It can be certified that some part of the S substance 
in the S/KB composite totally hasn`t been involved in the reducing reaction with 
Li+Naph-. In order to clarify the exact reaction product of the two samples, it is 
necessary to calculate the atom ratio of different compounds. 
As it is known that the atom ratio can be calculated by following equation. 
  
𝑛1
𝑛2
=
𝐼1
𝑆1
𝐼2
𝑆2
⁄                                        Equation 4.2 
In this equation, ‘n1/n2’ represents atom ratio of peak 1 and peak 2, ‘S’ 
represents the atomic sensitivity factor of each element. Since both of the elements are 
sulfur, so S1=S2. ‘I’ represents the amounts of peak area. The atom ratio of S related to 
different sulfide contents is calculated due to Equation 4.2 and listed in Table 4.1. About 
83.8% of the product is Li2S and only 16.2% is polysulfides in the Li2S/KB/CNT 
electrode. While in the Li2S/KB/C electrode, only 45.2% of the sulfides is Li2S, 39.6% 
is Li2Sx and the last 15.2% remains S. The XPS results indicates the capacity 
performance of each electrodes prepared by the chemical reaction with Li+Naph- at 
room temperature. 
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Fig. 4.4 (a) Cycling performance; (b) Cyclic voltammogram; (c) 1st charge discharge 
curves of the Li2S/KB/CNT electrode and the Li2S/KB/C electrode prepared by the 
chemical reaction with Li+Naph- at room temperature. (d) Cyclic voltammogram (e) 
Charge discharge curves of different cycles of the Li2S/KB/CNT electrode. Copyright 
© 2017 Elsevier B.V. All rights reserved. 
 
The Electrochemical performance of the Li2S/KB/CNT and Li2S/KB/C cathode 
prepared by the chemical reaction with Li+Naph- at room temperature was analyzed by 
cyclic voltammogram and cycling performance. Since LiNO3 will decompose under 
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1.8 V, the test window was controlled above 1.8V 11. In Fig. 4.4Fig. 2.11a, the cycling 
performance of the two cathodes was analyzed at 0.1 C-rate. It is remarkable to see that 
the in the first cycle, the coulombic efficiency of the Li2S/KB/C cathode is much higher 
than 100% (~191%), which indicates the partly lithiated state of sulfur. Fig. 4.4b shows 
the 1st cycle of CV curve of the two Li2S cathodes. In the case of Li2S/KB/C cathode, 
the value of initial open-circuit voltage (OCV, 2.1 V vs Li/Li+) can be ascribed to part 
lithiation state of sulfur. While the OCV of Li2S/KB/CNT is 2.0V which certified the 
fully lithiated state. By extending the reaction time, there is almost no change in the 
OCV. The 1st anodic peak which according to the oxidization from Li2S to S indicating 
the high charging capacity of Li2S/KB/CNT cathode. Fig. 4.4c illustrates the first 
charge discharge curve of both cathodes. It can be seen that the Li2S/KB/C cathode 
showed low capacity of 474 mAhg-1(sulfur), while the Li2S/KB/CNT cathode showed 
high capacity of 1416 mAhg-1(sulfur). In the first discharge curve, the Li2S/KB/C 
cathode showed 987 mAhg-1(sulfur) capacity, which is about 400 mAhg-1 (sulfur) lower 
than that of Li2S/KB/CNT cathode. The low capacity of Li2S/KB/C is thought to be 
caused by the side product of sulfonate. The following cycling performance of both 
electrodes is exhibited in Fig. 4.4a. The capacity of Li2S/KB/CNT cathode keeps 100 
mAhg-1 (sulfur) higher than the Li2S/KB/C cathode in the 75 cycles. Both of them 
exhibit stable Coulombic efficiency above 90%. Fig. 4.4d illustrate the CV curve from 
1st cycle to 4th cycle. Two oxidic peaks at 2.29 V and 1.99 V are assigned to the 
reduction of S8 to polysulfides (Li2Sn, where n =4−8) and the reduction of Li2S4 to Li2S 
respectively. The two reductive peaks from cycle 2 to cycle 4 corresponds to the two-
step transformation from Li2S to Li2Sn (where n=4−8) and from Li2Sn to S8.12, 13 The 
relative good repeatability of the CV curves in the following cycles indicates the stable 
cycling performance of the Li2S/KB/CNT cathode. Fig. 2.11e illustrate the charge 
discharge curve of Li2S/KB/CNT in different cycles. It can be observed that in the 100th 
cycle, the discharge capacity is 567 mAhg-1 (sulfur), which is about 80% of the capacity 
in the 10th cycle. 
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Fig. 4.5 (a) Cycling performance of the Li2S/KB/C cathode fabricated by the chemical 
reaction with Li+Naph- at room temperature. Inset is the SEM image of the electrode 
surface, the scale bar is 500 nm. (b) XPS spectra of S2p obtained on Li2S/KB/C 
fabricated by the chemical reaction with Li+Naph- at room temperature. Copyright © 
2017 Elsevier B.V. All rights reserved. 
 
As it is mentioned before, only by extending the reaction time cannot promote 
the chemical reaction between S/KB/C and Li+Naph-. As it is known that elevated 
temperature can increase the molecule’s reactivity due to the basic theory of chemical 
reaction kinetics which contribute to accelerating the reaction rate. At the same time, 
the Li+ ion transport in the S/KB solid is highly dependent on the kinetics of cation 
transport due to Fick's second law: 
  
𝜕𝐶
𝜕𝑡
= −D ×
𝜕2 𝐶
𝜕𝑥2
                                    Equation 4.3 
 
here J is the cation ion flux, dC/dX is the concentration gradient of the ions 
and D is the diffusion coefficient.  
D = D0 e−Ea/RT                                       Equation 4.4 
based on the Arrhenius equation, where Ea is the diffusion energy barrier, R is 
the universal gas constant, 8.31446 J/(mol⋅K), T is the absolute temperature in K, 
and D0 is the maximal diffusion coefficient (at infinite temperature; in m2/s). Thus, at a 
given ion concentration gradient, cation transport in a solid electrode is dependent on 
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the temperature. In order to prove this hypothesis, I applied elevated temperature to 
accelerate the diffusion and reaction speed of the Li+Naph- solution. At the temperature 
of 80°C , which is still lower than the reaction temperature between the organolithium 
reagent and S reported 1, 2, the cycling performance of the fabricated Li2S/KB/C cathode 
is illustrated in Fig. 4.5a. Instead of the almost 200% Coulombic efficiency of 
Li2S/KB/C at room temperature, the Li2S/KB/C cathode obtained at 80°C  showed 
serious overcharged phenomenon in the 1st cycle. The low efficiency about 40% 
manifest that a large amount of polysulfides dissolved into the electrolyte in the first 
charging process. XPS analysis of the Li2S/KB/C cathode obtained at 80°C  is shown in 
Fig. 4.5b. There is no peak arising from elemental sulfur can be observed in the S2p 
curve, which certified the relatively fully lithiated state of S. From the discussion of the 
material analysis and electrochemical property of the Li2S/KB/C cathode fabricated at 
elevated temperature, it is convictive to say that diffusion velocity is the main factor 
that cause the part lithiation state of S/KB composite. The 3D nanostructured CNT layer 
facilitated chemical reaction between S/KB composites and Li+Naph- by acting as a 3D 
diffusion network for the Li+Naph- solution. As a result, the Li+Naph- solution can 
diffuse through the 3D nanotubes to contact with all the S/KB nanoparticles much 
easier. In the case of flat carbon layer, it is difficult for the Li+Naph- solution to diffuse 
through the S/KB layer. 
The low discharge capacity of the Li2S/KB/C cathode around 500 mAhg-1 (S) 
is caused by the sulfur dissolution in the first cycle. Inset image in Figure 5a is the SEM 
image of the Li2S/KB/C cathode obtained at 80°C . Instead of the nano particle 
composed cathode surface, rough plate-like particles can be observed, indicating the 
destroyed S/KB composite structure of the cathode. The destroyed structure of 
Li2S/KB/C cathode fabricated at high temperature is the main reason leading to the low 
capacity.  
  
96 
 
 
Fig. 4.6 (a) Cycling performance at various C-rates of Li2S/KB/CNT electrodes 
fabricated by chemical reaction at 25 oC and at 80 oC respectively. (b) The typical charge 
discharge curves at various C-rates of the Li2S/KB/CNT electrodes fabricated by 
chemical reaction at 25 oC. Copyright © 2017 Elsevier B.V. All rights reserved. 
 
The cycling performance at various C-rates was also taken place to evaluate the 
electrochemical behavior of the fabricated Li2S/KB/CNT cathode. As illustrated in Fig. 
4.6a, the Li2S/KB/CNT cathode showed stable cycling performance from 0.1 C-rate to 
2 C-rate. It keeps high capacity around 500 mAhg-1 (sulfur) even at 2 C-rate. Then turn 
back to 0.1 C-rate, the discharge capacity is keep stable around 700 mAhg-1 (sulfur). 
Fig. 4.6 b illustrated the charge discharge curve configuration at different C-rates of the 
Li2S/KB/CNT half cell. It is clear to see that the flat charge plateau and two step 
discharge plateaus even at 2 C-rate. In order to study the influence of the temperature 
on the chemical reaction, 80 oC has been applied in the chemical fabrication of 
Li2S/KB/CNT cathode. The cycling performance at various C-rates is illustrated in 
Figure 6a to compare with the room temperature fabricated cathode. In the 1st cycle, the 
Coulombic efficiency decreased to 64% and the 1st discharge capacity decreased to 894 
mAhg-1 (sulfur), which agrees with the efficiency decrease of the Li2S/KB/C fabricated 
at 80℃. The typical charge discharge curve of the Li2 S/KB/CNT electrode fabricated 
at 80℃ was illustrated in Fig. 4.7 b, from which the dramatically increased voltage 
hysteresis as well as the fast capacity decay with the increased C-rate can be observed. 
It is convincing to conclude that chemical reaction between Li+Naph- solution and S/KB 
electrode can be accelerated by elevated temperature, leading to the destruction of the 
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cathode structure. 
 
 
Fig. 4.7 The typical charge discharge curves at various C-rates of the Li2S/KB/CNT 
electrode fabricated by chemical reaction at 80℃. 
 
Since this on-site Li2S fabrication method is time efficient, easy to operate, it is 
meaningful to confirm if this fabrication method can realize the in-situ fabrication of 
Li2S cathode in the S/KB cell configuration. No rinsing process was applied after 
chemical reaction on S/KB/CNT electrode. After dropping the carefully calculated 
amount of Li+Naph-, the Li2S/KB/CNT was dried in the glovebox for a few hours and 
then was directly assembled into a coincell without rinsing. As a result, the reaction 
side product Naph will co-exist in the Li2S/KB/CNT.  
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4.3.2 Synthesis of Li2S@KB nanostructured cathode 
 
Fig. 4.8 (a). Schematic diagram of the fabrication process of Li2S@KB cathode. (b) 
Fourier transform-infrared spectroscopy (FTIR) curve of Li2S@KB composite and the 
original KB without any further treatment. (c) C1s XPS spectra of Li2S@KB cathode. 
(d) S2p XPS spectra of the Li2S@KB cathode fabricated. 
 
Fig. 4.8 a illustrates the fabrication process of the so called Li2S@KB cathode. 
Firstly, the KB powder was dispersed in the Li+Naph- solution to form a uniform 
dispersed suspension. Then the totally dissolved sulfur in toluene was slowly dropped 
into the suspension with continuous stirring. After a certain time, the suspension of 
Li2S@KB composite was fabricated in the THF toluene solution. After drop-coating 
the Li2S@KB suspension on the substrate, overnight vacuum was applied to the 
Li2S@KB cathode to remove the Naph and THF completely. From  Fig. 4.8b, the 
characteristic peaks of Naph located at 2730 cm-1 and 830 cm-1 and the characteristic 
peaks of THF at 3000 cm-1, 2850 cm-1, 1100 cm-1 and 900 cm-1 are all disappeared in 
the Li2S@KB composite, manifesting the purity of the Li2S@KB composite. The big 
broad peak located at 3370 cm-1 in Li2S@KB is assigned to the O-H vibration mode, 
while the peak at 1400 cm-1 is assigned to the C-O-H vibration mode, which indicates 
the hydroxylated state of KB in the Li2S@KB cathode.14 As comparison, the original 
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KB without any further treatment was analyzed by FTIR in  Fig. 4.8b, from which no 
peaks related to C-OH or O-H can be observed, excepting a C=C peak at 1735 cm-1 
which assigned to the graphitic structure of KB. The C1s XPS spectra of Li2S@KB 
showed in Fig. 4.8 c delivers 3 peaks, which can be assigned to C-C bond (284.7 eV), 
C-O bond (286.2 eV) and C=O bond (290.0 eV) respectively.15, 16 The existence of C-
O peak also verified the hydroxylated state of KB in Li2S@KB. 17 Fig. 4.8 d shows the 
S2p spectra of Li2S@KB, from which the pair of satellite peaks at 160.0 eV is assigned 
to the Li-S bond in Li2S, while the satellite peak at 162.2 eV is attribute to the S-S bond 
in Li2S2. The peak at the 166.7 eV is assigned to sulfite which maybe reacted by the 
Li2S and the trace amount of moisture in glove box.  
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Fig. 4.9 (a) TEM image of the Li2S@KB composite. (b) HRTEM image of the 
Li2S@KB which shows the amorphous state Li2S covered KB particle. (c) HRTEM 
image of the Li2S@KB shows the multigrain property of the Li2S. (d) EDS mapping 
set of the Li2S@KB composite shows the distribution of Li2S and KB. 
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Fig. 4.10 XRD pattern of the Li2S@KB and LS with the mark of Li2S standard peak. 
 
Fig. 4.9 shows the TEM image of the Li2S@KB fabricated. From Fig. 4.9 a, the 
ultra-thin Li2S can be observed as a shell layer on the KB core. From the enlarged TEM 
image in Fig. 4.9 b, the graphitic structure of KB can be observed with an amorphous 
thin layer on the outer part. A small part of crystallinity with the crystal plane distance 
of 0.28 nm can be clarified, which is assigned to (200) plane of Li2S. In the high 
resolution TEM image in Fig. 4.9 c, the multi grains of Li2S can be observed with 
different growth directions. The crystal plane with the distance of 0.33 nm is indexed 
to the (111) plane of Li2S, which is the characteristic plane of Li2S. The result coincides 
with the XRD pattern in Fig. 4.10, from which the broad weak Li2S peaks assigned to 
(111) and (200) crystal planes can be confirmed, indicating the amorphous state of the 
Li2S in Li2S@KB. The grain boundaries formed between the multi crystal grains in 
Li2S@KB showed in Fig. 4.9 c will make contribution to a facilitated ion transportation 
in the Li2S@KB cathode due to the lower diffusion energy barrier in grain boundary 18-
20.  The ambiguous boundary between Li2S and KB indicating the well contact with 
each other. In this case, KB can largely facilitate the electron transfer in the Li2S@KB 
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composite, which will compensate for the low electronic conductivity of Li2S.  
 
 
Fig. 4.11 Nitrogen absorption de-sorption curve of the KB and Li2S@KB powder. 
 
BET analysis is taken to confirm the contact relation between Li2S and KB in 
the Li2S@KB composite. The nitrogen absorption desorption curves of Li2S@KB and 
KB are plotted in Fig. 4.11. By BET analysis, the specific surface area of Li2S@KB 
decreased to 13.7 m2 g-1 compared with the pure KB (859.6 m2 g-1). It can be confirmed 
that the amorphous state Li2S has filled in the pores in KB, not only cover on the surface 
of KB. The pure Li2S particles without the addition of KB has been fabricated to study 
the influence of KB on the crystallinity of Li2S. As showed in Fig. 4.10, the XRD 
pattern of Li2S provide the amorphous state of Li2S. In the HRTEM image in Fig. 4.12, 
the Li2S also exhibits the multi grain property with different oriented crystal planes. It 
can be confirmed that the reducing reaction by using Li+Naph- as reducing agent can 
fabricate the amorphous multi grain amorphous Li2S. 
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Fig. 4.12 HRTEM image of the amorphous Li2S without the addition of KB. 
 
 
Fig. 4.13 FESEM image of the LSp-KB cathode. 
 
In order to study the difference of electrochemical behavior between the 
Li2S@KB cathode with is fabricated by the binder free method and the LSp-KB 
cathode, which is fabricated by mixing the Li2S powder and binder and then coated on 
the substrate. Fig. 4.13 exhibits the FESEM image of the LSp-KB cathode, from which 
the sheet-like structured Li2S and the nano particle structured KB can be observed 
clearly. It is worth to notice that in LSp-KB cathode, the Li2S and KB are totally 
separate, which indicates a bad electronic transfer between each other. In comparison, 
the morphology of Li2S@KB showed in Fig. 4.15 b displays a uniform Li2S@KB 
composite distribution with the existence of nano pores which makes the Li2S@KB 
cathode a honeycomb structure. These nano pores with the pore size around 400 nm 
will provide more channels for the ion transport, which will contribute to a better 
104 
 
electrochemical performance.  
 
 
Fig. 4.14 (a) Comparison of cycling performance at 0.2 C-rate between Li2S@KB 
cathode and LSp-KB cathode. (b) Initial voltage profile of the Li2S@KB cathode and 
the LSp-KB cathode. 
 
Fig. 4.14 a compares the capacity performance and Coulombic efficiency of 
Li2S@KB cell and LSp-KB cell at 0.2 C-rate in 100 cycles. The Li2S@KB cell remains 
682 mAh g-1(Li2S) capacity retention in the 100th cycle, while the LSp-KB delivers only 
100 mAh g-1(Li2S) capacity retention. The Coulombic efficiency of Li2S@KB keeps 
around 99%, indicating a well suppressed shuttle effect. The Coulombic efficiency of 
LSp-KB is only 89%, manifesting the shuttle effect occurs during charge discharge 
process. Fig. 4.14b shows the initial voltage profiles of Li2S@KB and LSp-KB cathode 
respectively. In the LSp-KB cathode, the initial charge plateau shows a high voltage 
barrier, which is as high as 4.0 V. However, no overpotential barrier can be observed, 
indicating the well ionic and electronic conductivity. 
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Fig. 4.15 FESEM image of the Li2S@KB cathode with different weight ratio (a) 
Li2S:KB = 3:1, (b) Li2S:KB = 5:1, (c) Li2S:KB = 7:1, (d) Li2S:KB = 1:0. 
 
In order to study the contribution of KB to polysulfide absorption, Li2S@KB 
cathode with different weight ratio between Li2S and KB has been fabricated. Fig. 4.15 
displays morphology of the Li2S@KB cathode with the weight ratio of 3:1, 5:1 (the 
sample discussed before), 7:1 and pure Li2S without the addition of KB. As discussed 
before, the Li2S@KB with a weight ratio of 5:1 shows a honeycomb 3D structure in 
Figure 4b. With a larger weight ratio of KB in Fig. 4.15 a, more KB nanoparticles can 
be observed with a diameter around 30 nm. Few nanopores can be observed in Figure 
4a, which is caused by the lower ratio of Naph in the product composite. Figure 4c 
shows the structure of LI2S@KB with the weight ratio of 7:1, from which barely KB 
nanoparticles can be observed. In Figure 4d, the Li2S without any KB shows an 
amorphous structure with the existence of nanopores. The honeycomb 3D structure in 
Li2S@KB cathode with the weight ratio of 5:1 is supposed to contribute to a better ionic 
transportation. The Li2S@KB composite coated on Al foil with a thin layer of flat 
coating is also fabricate to exclude the influence of the carbon paper. It can be 
concluded that the outstanding electrochemical performance is attributed by the 
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honeycomb nanostructured Li2S@KB composite itself.  
 
 
Fig. 4.16 CV curves with a scan rate of 0.2 mV/s. of the Li2S@KB cathodes with 
different Li2S: KB weight ratio of (a) 1:0 (b) 7:1 (c) 5:1 (d) 3:1. 
 
Fig. 4.17 (a) Cycling performance at 0.2 C-rate. (b) Initial voltage profiles of the 
Li2S@KB cathodes with different weight ratio.  
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CV curves has been used to study the electrochemical performance in the 
Li2S@KB cell with different weight ratio in Fig. 4.16. It can be observed that with the 
weight ratio of 5:1, it shows the highest oxidation peak in the anodic scan. With the 
increased weight ratio of KB in Li2S@KB cathode, the voltage hysteresis between 
oxidation and reduction peak decreased due to the increased electronic conductivity. 
Fig. 4.17 a compares the capacity performance of the different cathodes at 0.2 C-rate, 
from which it can be seen that at 0.2 C-rate, the Li2S@KB with the weight ratio of 5:1 
shows the highest capacity performance. It is discussed that the high performance of 
the Li2S@KB cathode is attributed by the facilitated ionic transfer and electronic 
transfer than other samples. Fig. 4.17 b plots the initial voltage profile of the Li2S@KB 
cathodes with different KB ratio, from which huge voltage hysteresis can be observed 
in the Li2S cell, causing by the poor electronic conductivity. With a low KB ratio of 
Li2S:KB =7:1 in Li2S@KB, the voltage hysteresis has largely relieved due to the well 
electronic conductivity attributed by KB. However, the overcharge phenomenon in 
Li2S@KB with a weight ratio of 7:1 means a considerable amount of polysulfide has 
dissolved in the electrolyte. In Li2S@KB cathode with a weight ratio of Li2S:KB =3:1, 
the voltage hysteresis decreased to 0.2 V and rare capacity loss can be observed, 
indicating both the good conductivity and polysulfide absorption in the cells. It is worth 
to note that no overpotential can be observed in the initial charge process, manifesting 
the well ionic and electronic conductivity in the prepared Li2S@KB cathode. The 
increased voltage hysteresis with the increasing weight ratio of Li2S, indicating the 
higher electro polarization according to a lower carbon ratio. The Li2S@KB discussed 
in this test is assigned to the weight ratio of Li2S: KB =5:1. 
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Fig. 4.18 SEM images of the Li2S@KB cathode fabricated with different extra addition 
of Naph. N0 represents without adding extra amount of Naph. N2 represents adding extra 
50% amount Naph, N4 represents adding extra 100% amount Naph, N6 represents 
adding extra 150% amount Naph. 
 
 
Fig. 4.19 Cycling performance of the Li2S@KB cathode fabricated by adding extra 
Naph during fabrication process. N0 represents without adding extra amount of Naph. 
N2 represents adding extra 50% amount Naph, N4 represents adding extra 100% amount 
Naph, N6 represents adding extra 150% amount Naph.  
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Since it is supposed that the micro pores formed in the Li2S@KB cathode is 
caused by the sublimation of Naph, it is necessary to prove the assumption. By adding 
extra amount of dissolved Naph during Li2S@KB fabrication process, it is expected 
that the micro pores will show morphology change. Fig. 4.18 shows the morphology 
change of the Li2S@KB cathode fabricated by adding different amount of Naph. N0 
sample represents the Li2S@KB cathode fabricated without adding extra amount of 
Naph. N2 sample represents Li2S@KB cathode fabricated by adding extra 50% amount 
Naph, N4 sample represents Li2S@KB cathode fabricated by adding extra 100% amount 
Naph, N6 sample represents Li2S@KB cathode fabricated by adding extra 150% amount 
Naph. It can be observed that with the increasing amount of Naph added, the size of the 
micropores in Li2S@KB cathode has largely increased. In N2 sample, the size of the 
micropores is increased to 2.3 μm. When adding 100% extra Naph, the micropores have 
largely increased to 8.6 μm. In N6 sample, the pores are increased to larger than 10 μm. 
In conclusion, it can be concluded that the micropores are closely affected by the 
sublimation of Naph.  
 
Fig. 4.20 (a) Specific capacity of the Li2S@KB with the weight ratio of Li2S:KB =5:1 
at 0.5 C-rate and 1 C-rate. (b) Energy density of the Li2S@KB cell at different C-rates 
at the 2nd cycle and the 200th cycle respectively. 
 
Fig. 4.20 a displayed the high rate long cycle performance of the Li2S@KB cell 
at 0.5 C-rate and 1 C-rate. At 0.5 C, it delivers 670 mAh g-1 in the 1st cycle, while at 1 
C, the capacity decreases 574 mAh g-1 in the 1st discharge. It shows rather stable cycling 
performance at 0.5 C-rate in 1000 cycles. Fig. 4.20 b plots the typical voltage profiles 
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of the Li2S@KB cathode in 100th cycle, 200th cycle, 300th cycle, 500th cycle and 1000th 
cycle, from which the stable discharge plateau at 2.0 V in 1000 cycles can be observed. 
This indicates the well confined dissolution of polysulfides as well as the stable internal 
resistance in Li2S@KB cathode.  
The typical values of specific capacity and discharge voltage at 0.5 C-rate and 
1 C-rate are illustrated in Table 4.2. At 0.2 C-rate, the energy density reaches 1510.9 
Wh kg-1 at 2nd cycle, decreasing to 885.9 Wh kg-1 after 200 cycles. The energy density 
keeps higher than 700 Wh kg-1 even at high C-rates. The calculation method of energy 
density for the Li2S@KB cell is as follows: 
 
E =
C ×𝑊𝑆×𝑉
𝑊𝑆+𝐶
                            Equation 4.5 
 
In this equation, C represents the specific capacity obtained from the charge 
discharge analysis. V represents the discharge plateau voltage. In the Li2S@KB 
composite, the weight ratio between Li2S: Li2S@KB is 5:6. The value of Ws/Ws+c is 
0.83.  
 
Table 4.2 Detailed values for energy density calculation. 
C-rates/ 
C 
2nd cycle 200th cycle 
C/ mAh 
(g-Li2S)-1 
V/ V E/ Wh (kg- 
Li2S@KB)-1 
C/ mAh  
(g-Li2S)-1 
V/ V E/ Wh (kg- 
Li2S@KB)-1 
0.2 871.6 2.09 1510.9 510.7 2.09 885.9 
0.5 477.4 2.05 812.3 401.4 2.04 679.7 
1.0 429.3 2.05 730.5 258.0 2.02 432.6 
 
The impedance analysis was taken place to test the resistance of the Li2S@KB 
half cell after 1 cycle and after 1000 cycles at 0.5 C-rate respectively. The Nyquist plots 
are plotted in Fig. 4.21 a. The equivalent circuit for the Li2S@KB half cell is raised 
according to the references 21-23. The equivalent circuit is illustrated in Fig. 4.21 b, 
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which is composed of electrolyte resistance (Rs), the contact interphase resistance in 
cathode bulk (Rint) and its corresponding constant phase element (CPE1), charge 
transfer resistance (Rct) and its corresponding constant phase element (CPE2) and the 
diffusion resistance and its corresponding constant phase element (CPE1).  
 
Fig. 4.21 (a) Nyquist plots of the Li2S@KB cathode after 1 cycle and 1000 cycles 
respectively. (b) Equivalent circuit of for the Li2S@KB half cell. 
 
It was calculated that after 1000 cycles at 0.5 C-rate, the Rs almost kept stable 
as after 1 cycle, which indicates that barely polysulfides dissolved in the electrolyte 
during the 1000 cycles. In addition, the Rint increased from 33 Ω to 45 Ω after 1000 
cycles. The slightly increased Rint should be caused by the formation of insulative layer 
on cathode caused by the inefficient diffusion of ions. Remarkably, the Rct increased 
dramatically from 178 Ω to 1081 Ω, which appears to be the main reason for the 
increased internal resistance in Li2S@KB cell. The diffusion resistance R1 appeared 
after 1000 cycling, which is corresponding with the increased Rint in cathode.  
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4.4 Summary 
In conclusion, a new chemical fabrication method of Li2S cathode has been 
demonstrated for the application in Li ion battery. This chemical reaction was realized 
by using the moderate Li+Naph- organolithium reagent and S cathode. The 3D 
nanostructured CNT current collector provided the 3D reaction path for the completely 
chemical reaction to turn S to Li2S at room temperature. As a result, the amorphous S 
in the S/KB composite was reacted into amorphous state Li2S, which has been 
confirmed by XRD and XPS analysis. The room temperature reaction showed 
advantage in the higher cycling capacity and higher efficiency than elevated 
temperature. The fabricated Li2S/KB/CNT cathode at room temperature showed stable 
cycling performance with a 600 mAhg-1 capacity after 100 cycles at 0.1 C-rate and high 
capacity of 500 mAhg-1 at 2 C-rate. In addition, this room temperature chemical 
fabrication method is time efficient, cost saving and applicable to different structured 
sulfur cathode. It is believed that this is the work in progress for the new type in-situ 
fabrication Li2S cathode for the future Li ion battery. 
In conclusion, a highly applicable and cost-effective strategy to fabricate Li2S 
cathode has been realized without any further treatment or any binder employed. With 
a Li2S ratio of 83%, the energy density of the Li2S@KB cathode can reach 1510.9 Wh 
kg-1 at 0.2 C-rate based on the weight amount of the Li2S@KB composite. The 
hydroxylated nano porous structured KB renders effective absorption of polysulfide 
species during long cycling. The multi-grain amorphous state Li2S fabricated anchored 
on the KB surface both inside and outside, contributing to the facilitated ionic and 
electronic conductivity. 
This room temperature fabrication of the Li2S@KB composite is conquered the 
major drawbacks existing in Li2S fabrication, such as high temperature, hazard gas 
release, complex and high cost production process. This method provides feasibility to 
make Li2S cathode on various substrates, such as carbon paper, flat carbon coated Al, 
or even free-standing substrate, which paves way to the application in various portable 
electronic devices in commercialization. 
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Chapter 5  General Conclusions 
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In this dissertation, the author focused on developing novel lithiation methods 
to reduce S cathode into Li2S cathode. In this way, the lithiated state Li2S cathode will 
be able to pair with the Li metal free anodes, such as graphite, to make metallic Li free 
S Li-ion battery. As a result, it is a way to alleviate the safety issue originated from 
metallic Li anode.  
In Chapter 2, a simple direct contacting lithiation method using the metallic Li 
to contact and reduce S/KB cathode is realized. The Li-ion transported to S/KB cathode 
and reduced S into Li2S. A TFSI anion doped PPy layer which can suppress the 
diffusion of polysulfides has been innovatively developed on the S/KB cathode by 
electrodeposition, which can improve the capacity and Columbic efficiency of the S/KB 
cathode. In addition, in this chapter, it proved the possibility of making S Li-ion full 
cell by pairing the lithiated Li2S cathode with graphite anode. 
Based on the lithiation research in Chapter 2, the more scientifically controlled 
electrochemical lithiation method was raised in Chapter 3. Different like the normal g-
stat lithiation process applied in S cathode, which will cause the step-by-step formation 
and transformation of highly soluble polysulfide species, the p-stat lithiation which 
provides a constant potential is developed in the first time. The constant potential which 
is out of the range of the formation of polysulfides can largely alleviate the formation 
of polysulfides. In addition, the high overpotential applied can largely shrink the 
lithiation time period which will alleviate the dissolution of polysulfides. As a result, 
largely improved capacity performance has been realized in the Li2S cathode prepared 
by the p-stat lithiation process. The optimized lithiated Li2Sx cathode is composed of 
38.4 % Li2S and 52.2% Li2S2, which is possibly caused by the polysulfides loss in the 
lithiation process. Under this circumstance, it is required to explore for more effective 
lithiation method. 
In the p-stat lithiation process in Chapter 3, it still takes more than 1 hours to 
reach the Li2S potential due to the large IR drop existed in the lithiation electrolyte. In 
Chapter 4, a chemical lithiation method is raised by dropping the organolithium agent 
Li+Naph- on the S/KB cathode. When the liquid state reducing agent contact with the 
S/KB composite, S can be reduced to the lower potential state Li2S immediately due to 
the nearly omitted IR drop. The immediately reaction almost lead to the totally 
reduction of S without formation of polysulfides. By employing the 3D structured 
carbon nanotube (CNT) layer, which can facilitate the reagent diffusion to the inner 
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part of S/KB composites, the S can be reduced to 83.8% Li2S and 16.2% Li2S2 at room 
temperature. The p-stat lithiation method also delivers advantage over the direct 
contacting lithiation method due to its well undamaged feature, which can remain the 
well structure of S/KB in the lithiated cathodes. As a result, the p-stat lithiated Li2S 
delivers better cycling performance than the Li2S cathodes prepared by direct 
contacting lithiation.  
In order to further increase the lithiation depth, that is the ratio of fully lithiated 
state Li2S produce, the reaction between Li+Naph- and S in a molecular scale is 
innovatively raised. In the molecular scale reaction, the resistance can be further 
reduced than the solid-state S particles. As a result, the low IR drop cost contributed to 
a higher lithiation depth. The Li2S ratio in the lithiation product has increased to 92.2%. 
The multi-grain amorphous state Li2S fabricated anchored on the KB surface both 
inside and outside, contributing to the facilitated ionic and electronic conductivity. It is 
worth to note that the synthesized Li2S@KB suspension can be coated on the carbon 
paper substrate without the addition of any binders. With a Li2S ratio of 83%, the energy 
density of the Li2S@KB cathode can reach 1510 Wh kg-1 at 0.2 C-rate based on the 
weight amount of the Li2S/KB composite.  
Generally, the reaction potential applied in the reaction site which is related to 
the IR drop and the lithiation time period are main factors that influenced the lithiation 
depth and active material loss. The molecular scale S lithiation by using organolithium 
reagent can reduce the IR drop to the maximum and allow the immediately and quickly 
reaction. It shows the highest lithiation depth (92.2%) and highest energy density in the 
whole thesis studied. 
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